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ANNOTATION 


This collection contains articles based on the text of lectures given 
at the Internationall Summer School on Physics of the Upper Ionosphere 
(Sochi, October 1966). The results of investigations on the basic parameters 

of the upper atmosphere (density, neutral and ion composition, electron con­
centration, temperature) were discussed. The most important elementary 

processes which control the behavior of the entire ionosphere as a whole and 
its individual parameters were examined. Methods were given for direct 
research on the neutral and charged particles in the atmosphere. 

This collection is of interest to scientists studying plasma physics, 


for geophysicists and also for (specialists in radio communication. 
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F0WOR.D * 
The present  c o l l e c t i o n  conta ins  survey articles w r i t t e n  from materials ­/5 

of t h e  l e c t u r e s  read during t h e  In te rna t io l ia l  School of tonospheric Physics (1). 
This school w a s  organized by t h e  Sect ion on t h e  Ionosphere, Interdeparmental  

Geophysics Committee and t h e  I n s t i t u t e  of Terrestrial Magnetism and Propagation 

of Radio Waves, Academy of Sciences,  USSR i n  October and November 1966 i n  Sochi. 

Nearly 100 s c i e n t i s t s  p a r t i c i p a t e d  i n  t h e  school;  they came from t h e  

Soviet  Union, Bulgar ia ,  Hungary, The German Democratic Republic, Cuba, 

Czechoslovakia and Yugoslavia. The leading s p e c i a l i s t s  on problems of theo­

ret ical  and experimental  research  on atmospheric parameters i n  t h e  reg ion  of 

t h e  ionosphere w e r e  inv i t&d.  Seminars w e r e  held during t h e  opera t ion  of t h e  

school i n  which ques t ions  on t h e  problems covered i n  each l e c t u r e  w e r e  widely 

discussed. The r e s u l t s  of t h i s  d i scuss ion ,  as w e l l  as artam materials which 

appeared a t  t h e  end of 1966 and t h e  beginning of 1967, are r e f l e c t e d  i n  t h e  

ar t ic les  contained i n  t h i s  co l l ec t ion .  

A t  t h e  present  t i m e ,  considerable  a t t e n t i o n  i s  beitlg paid t o  a s tudy of 

t he  b a s i c  processes  which determine t h e  behavior of the ionosphere as a whole 

and i t s  indiv idua l  parameters i n  p a r t i c u l a r .  Without an  understanding of 

these  processes  (d i f fus ion ,  photoionizat ion,  recombination, cohesion, e t c . )  

i t  i s  impossible e i t h e r  t o  p r e d i c t  t h e  behavior of t h e  ionosphere o r  t o  

i n t e r p r e t  t h e  experimental  d a t a  co r rec t ly .  I n  recent  yea r s  numerous papers  

have been published, both Soviet  and fore ign ,  on these  problems from d i f f e r ­

e n t  viewpoints.  A. D. Danilov, V I  M. Polyakov, J. Taubenheim, and K. H. 

Schmelovskiydiscussin t h e i r  papers t h e  cu r ren t  concepts as t o  t h e  r o l e  and 

rates of t h e  var ious  processes  which inf luence  t h e  d i s t r i b u t i o n  of charged 

p a r t i c l e s  both i n  space and i n  t i m e  i n  d i f f e r e n t  reg ions  of t h e  ionosphere.  

* Numbers i n  t h e  margin - ind ica te  t h e  paginat ion-in t h e  o r i g i n a l  fo re ign  text. 

These materials w e r e  divided i n t o  two volumes during ed i t i ng .  The 
remaining art icles can be found i n  t h e  co l l ec t ion :  Ionosfernyye Issledovaniya 
(Ionospheric Research) No.  1 9 .  
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The s p e c i f i c s  of rocke t  and satel l i te  experiments, as w e l l  as t h e  bas i c  

r e s u l t s  and t h e  prospec ts  of t h e  research ,  are descr ibed i n  t h e  art icles of 

V. 	 V. Mikhnevich, G. L. Gdalevich and V. A. Misyura. A new method f o r  study­

ing  charged p a r t i c l e s  above t h e  maxi" of t h e  F2 reg ion ,  i .e . ,  t h e  method 

of incoherent  s c a t t e r i n g  of r ad io  waves, and t h e  b a s i c  r e s u l t s  obtained 

using t h i s  method are discussed i n  another  a r t ic le  by V. A. Misyura. 

Unfortunately t h e  review papers on t h e  l e c t u r e s  of G. S. Ivanov-

Kholodnyy, V. D. Gusev and Yu. V. Kushnerevskiy are n o t  included i n  t h i s  

co l l ec t ion .  

On t h e  whole, t h e  art icles i n  t h i s  c o l l e c t i o n  r e f l e c t  t h e  research  on t h e  

bas i c  quest ions of ionospheric  physics  based on t h e  s ta te-of- the-ar t  a t  t h e  

end of 1966 q u i t e  w e l l .  Since s tudy of t h e  ionosphere a t  t h e  present  t i m e  

is being developed a t  a n  extremely rap id  pace, we should remember t h a t  upon 

publ ica t ion  of t h i s  c o l l e c t i o n  new materials are appearing which are not  

contained here in .  W e  should a l s o  remember t h a t ,  a l though a l l  t h e  l e c t u r e s  

are of a survey na ture ,  i n  a number of cases t h e  au tho r ' s  viewpoint on cer­

t a i n  qdest ions is r e f l e c t e d  the re in ,  and such a viewpoint is n o t  necessa r i ly  

t h a t  genera l ly  accepted today. 
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i EXPERIMENTAL DATA ON THE DISTRIBUTION OF BASIC PARAMETERS AND RATES 
OF PHOTOCHEMICAL PROCESSES IN THE UPPER ATMOSPHERE 

A. D. Danilov 


This paper presents a brief survey of main achievements 

in the investigation of the most important atmospheric para­

meters in the earth's ionosphere with the +d of rockets and 

artificial satellites. A description is given of the results 

obtained in measuring atmospheric density, the results of 

determining the composition of neutral particles by mass 

spectrometric and optical methods are compared\,andthe 

main results of numerous measurements of the ion composition 

and electron concentration are shown. Present-day views 

on the ionization-recombihation cycle of processes occurring

in the atmosphere are expounded and the most reliable 

estimates are given of the effectiveness of basic processes, 

ionization rate, dissociative recombination,-ionic­

molecular reactions, processes where negative ions are 

involved, with emphasls belng laid on the significance of 

the latter in the ionosphere. It is emphasized that in the 

ionosphere there exists a close relationship between 

processes where charged particles are involved and 

neutral reactions. A description is given of the problem 

of oxygen dissociation in the atmosphergand the part Ithat 

ionic reactions take in the formation of neutral components 

is discussed. 


The purpose of the present paper is to describe the overall state of the /7 
art in research on the basic characteristics of the upper atmosphere (con­


centrations of both neutral and charged particles, temperature, short-wave solar 


radiation flux) and on the basic photochemical processes invblving atmos­


pheric components. Naturally, within the framework of a single paper such a 


survey must be very superricial, dealing only with the overall characteristics 


of the situation. 

works in [l - 141 and to the monograph in [15]. 


For more detailed data, we refer the reader to the general 


[I51 
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RESULTS OF ROCKET RESEARCH ON THE PARAMETERS 

OF THE UPPW ATMOSPHWE 


'§I 1. Density, Temperature and Neutral Composition of the Atmosphere. 

a. Altitude Range H 100 km. At the present time it is a well-known 

fact that below approximately 100 to 120 km the earth's atmosphere is mixed, 

and therefore has an altitude-constant chemical composition if we are con­

cerned with the basic components, i.e., nitrogen and oxygen molecules and 

argon atoms. As far as the so-called "minor impurities" are concerned -
ozone, atomic oxygen, and nitric oxides - their absolute and relative 

concentrations undergo substantial variations both with altitude and with 

time of day, with the level of solar activity, etc. Altitude variation of 

the basic component concentrations is thus determined by the altitude drop 

in the overall atmospheric density, which in turn depends on the altitude of 

the uniform atmosphere at a given level, i.e.y (at a constant mean molecular 

weight) on the temperature. Table 1 gives the basic atmospheric parameters 


in the altitude range from 30 to 100 km according to Nicolet [16]. It should 


be mentioned that at the present time practically nothing is known concerning 


variations in density and concentration of the basic atmospheric components 


below 100 km. We would expect, however, that such variations (if they do 


exist) are not high, and therefore the mean values of py,[N211and [02], shown 


in Table 1, must be valid at least within a factor of 2. 


b. Altitude Range from 100 to 200 km. This altitude range at the 


present time has been studied the least from the viewpoint of research on 


atmospheric density and temperature. The reason for this is that above 


approximately 200 to 250 km the numerous determinations of density and 


other parameters are made on the basis of observations of the deceleration 


of artificial earth satellites. These observations give an extremely large 


amount of data which now permit a clarification of the very subtle effects 


of the behavior of atmospheric density at high altitudes (see below). At the 
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TABLE 1- -
H. k:m P *  d c m

3 EN21s Cm 
-3 r, 0

K 
~ _- ­

35 
40 

8.34 - 10-" 
4.08 - io7 

I.35.101' 
6.53. IOu 

3.61.10"' 
1,78-10" 

251.7 
268.2 

45 2.09.10- 3,4O.iO1" 9.14- 10= 274.5 
50 1,13 * ' 1*84*10" 4,95.10= 274.2 
55 
60 

6,17 * 10-
3.52 - I O 7  

9.98.101s 
5,70.10" 

2.69 I O "  
1,54 - IOn 

273.7 
252.8 

65 1.92 3.11 8.38.101' 232.2 
I 70 9,go. 10- 1.61 * I O *  4,32*101' 211.2 

75 
80 

4.57 * 10-8 
2,06*10' 

7,42 * IO1' 
3.34 .io'+ 

2,00.1014 
8,98. io1* 

204.1 
197.2 

85 9.00.10-0 1.46 * 101' 3.93 -10" 190.2 

30 1 79* 2 , ~ .1017 7.81 * 20" 235.3 

90 3.68- 10- 5a96* 10la I.61* I O *  196.6 
95 202.9 

209.2-

TABLE 2 

I .~ I I r - I I 

100 4.97 205 140 3 4012s10-12 le66 


110 9.83*10-11 250 160 L.16*10-12 935 


5.86010-~~1042 


3.32 1100 
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s e e  time, research atmospheric density in the 100-200 km range is 


being conducted only during irregular rocket launchings in the very 


short periods of time during which the rocket passes through this altitude 


range, as a result of which the respective experimental data are quite limit­


ed. Table 2 gives the diurnal values of density in this altitude range 


during the period of average solar activity (end of 1960) according to the 
semiempirical model of Kailman and Sibley [17]. We should mention that the 

numerous variations in atmospheric density, which are extremely pronounced 
at high altitudes and about which we shall speak later, also exist at 

altitudes of 160 to 240 km, although the amplitude of fluctuations in p 

in this case is low. Thus, according to this same work [17], the nocturnal 
atmospheric density at an altitude of 200 km is 1.5 times lower than the 
value depicted in Table 2. It is clear from the survey paper of V. V. 
Mikhnevich [9], that the daily variations in density have an amplitude on 
the order of a factor of 2 only at an altitude of approximately 250 km. 
Below this altitude, these variations are correspondingly lower. Density 
variation during the cycle of solar activity is also manifested mainly 
above 200 km; however, certain fluchuations in p do take place at lower 

altitudes. According to the review C91,with variation in solar activity 

from maximum to minimum, a variation by a factor of 1.8 takes place in the 
noon and midnight densities at an altitude of 200 km. 

Quite some time ago it became necessary to have knowledge of ,the 


-/ 8  

-/ 9  

atmospheric composition above 100 km. As we have already mentioned, the atmos­


phere is mixed below 100-120 km and thereofre the concentrations of the basic 


components are known to us from measurements of the overall atmospheric 
density, however the ratio among the basic components begins to vary above this 

level. First of all, molecular oxygen dissociates quite effectively above 


100 km under the influence of ultraviolet solar radiation. This results in 
the relative concentration of O2 molecules beginning to decrease with altitude 
and the number of 0 atoms to grow. The 0 atoms are one of the major com­
ponents of the atmosphere above this level. Furthermore, beginning at 

altitudes of 110 - 120 km, the diffusion-gravitational separation of gases 
leads to a change in the chemical composition of the atmosphere with 
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TABLE 3 

H, .b 

-

100 
110 
120 
130 
140 
150 
160 
170 

. 180 
190 
200 

___. 

601, cm--3 , 

,accordi'ng t o  [221 

6 ~ 1 0 ~  
1.8. ion 

8.1010 
5.1oLo. 
3-10" 

t9.1010 
,&2.1010 

8.10' 
6 - 10' 
4.101 

. 3.5-10'. 
t 

a l t i t u d e .  This is manifested i n  an inc rease  i n  t h e  number of l i g h t  gases 

and a decrease i n  t h e  relative concentrat ions of t h e  heavy ones. 

Un t i l  r e c e n t l y  our knowledge on t h e  chemical composition of t h e  atmos­

phere above 100 km w a s  derived b a s i c a l l y  from t h e o r e t i c a l  models a f t e r  ex­

amining t h e  d i f  fu s ion -g rav i t a t iona l  s epa ra t ion  and d i s s o c i a t i o n  of molecular 

oxygen under predetermined assumptions as t o  the  temperature of the  atmos­

phere, t h e  i n t e n s i t y  of u l t r a v i o l e t  s o l a r  r a d i a t i o n ,  etc. The overwhelming 

majori ty  of t h e s e  models l e d  t o  t h e  concept of a r ap id  drop wi th  a l t i t u d e  

i n  t h e  r e l a t i v e  amount of molecular ni t rogen,  thus implying t h e  exis tence of a 

purely atomic atmosphere above approximately 150 - 160 km. However, r ecen t  

years  have provided experimental da t a  on atmospheric composition i n  q u a n t i t i e s  

s u f f i c i e n t  t o  give an idea  of t h e  a c t u a l  d i s t r i b u t i o n  of concentrat ions of t h e  

b a s i c  atmospheric components i n  t h e  range from 100 - 200 km. These d a t a  w e r e  

obtained as a r e s u l t  of experiments c a r r i e d  out  by two t h e o r e t i c a l l y  d i f f e r e n t  

methods: o p t i c a l  2nd mass-spectrometric. Without dwelling h e r e  on t h e  

d e t a i l s ,  l e t  us r e f e r  t h e  reader  t o  t h e  survey a r t i c l e s  mentioned above [11 ­
131 where t h e  experimental method is  described i n  more d e t a i l .  Now le t  

us c i te  t h e  b a s i c  results derived from comparing t h e  da t a  of var ious experiments 

5 




Figure 1. Al t i t ude  Variat ion i n  Molecular Nitrogen 
Concentration i n  t h e  Atmosphere According t o  Various 
Experimental Data. 

1. 	 Ju ly ,  1959, Morning [18];- 2. September 23, 1960, 
0 hr.  56 min. [19]; 3. August 23, 1961, 10 hr .  03 min. 
[20]; 4. November 15,  1961, 16 h r .  00 min. [21];  
5. J u l y  10, 1963, 10  hr .  00 min. [22];  6 and 6 ' .  
June 	6, 1963, 7 hr .  30 min. [23]; 7. Average f o r  two 

launchings i n  1962 [24]. 

according t o  Reference [ll]. Table 3 Wives a summary of t h e  experiments. A t  


t h e  present  time, the re  are a l ready  more than 20 experiments i n  ex is tence  on 


research  of t h e  n e u t r a l  composition i n  t h e  range of 100 - 200 km, conducted 


a t  d i f f e r e n t  times of day and a t  d i f f e r e n t  levels of s o l a r  a c t i v i t y .  Figure 1 


compares t h e  va lues  of [ N 2 ] ,  obtained i n  these  experiments. It i s  obvious 


from the  f i g u r e  t h a t  a l a r g e  s c a t t e r  is observed i n  t h e  da t a ,  which reaches ­
/10 

one order  of magnitude i n  t h e  range of 180 t o  200 km. On t h e  b a s i s  of these  

da t a  it w a s  not  poss ib le  t o  f ind  any dependence of n i t rogen  concentrat ion on 

t i m e  of day, s o l a r  a c t i v i t y  o r  season [ll]. A t  t h e  same time, i f  we d i scard  

t h e  two curves represent ing  t h e  f i r s t  experiment of A. A. Pokhunkov 1183, 
where t h e  va lues  of [N2] were too high, and the  f i r s t  work of Hinteregger 's  

group [20], where an u n r e a l i s t i c a l l y  high concentrat ion r a t i o  of [0]/[N2] w a s  

obtained, t h e  remaining curves on Figure 1 permit t h e  s e l e c t i o n  of mean va lues  

6 




Figure 2. A l t i t u d e  Variat ion i n  t h e  
Relat ive Concentrations [He]/[O] and 
[O]/[N21 According t o  Measurements 
on t h e  S a t e l l i t e  "Explorer XVII". 
Average Curves are Given t h a t  have 
been Obtained on t h e  Basis of 
Experimental Po in t s  [281. 

f o r  t h e  concentration of molecular 

ni t rogen i n  t h e  a l t i t u d e  range shown 

on Table 3. These mean values  of [N 2 ] 

d i f f e r  from t h e  other  experimental d a t a  

on Figurelby a f a c t o r  of no more than 1.6.1 

Such a d i f f e rence  is f u l l y  allowable 

both from t h e  viewpoint of poss ib l e  

measurement e r r o r s  and from t h e  v i e w  

po in t  of poss ib l e  v a r i a t i o n s  i n  [N2] 

due t o , v a r i a t i o n  i n  t h e  o v e r a l l  dens i ty ,  

o r  t o  o the r  as y e t  unknown reasons. 

Meannvalues of t h e  molecular 

oxygen concentration& obtained i n  

rocket  launching9 can be s imj la r lv  
s e l e c t e d .  The mean values  of [02] are given i n  Table 3. A s  far as t h e  

O/N 2 concentrat ion r a t i o  is concerned, s i g n i f i c a n t l y  d i f f e r e n t  values  are 

obtained i n  d i f f e r e n t  experiments, Figure 2 d e p i c t s  an attempt t o  compare 

the  v a r i a t i o n  i n  t h e  magnitude of [0]/[N2] a t  an a l t i t u d e  of 180 km with  time 

of day. Along t h e  ho r i zon ta l  a x i s  on t h i s  f.igure we have p l o t t e d  t h e  abso lu te  

d i f f e rence  i n  t i m e s  between t h e  moment of observation and l o c a l  noon. The 

da ta  i n  Figure 2 show t h a t  a systematic v a r i a t i o n  is apparent ly  observed 

i n  t h e  concentrat ions of atomic oxygen and molecular ni t rogen which l e a d s  

t o  an inc rease  i n  the  r a t i o  during the  noon hours and a decrease in t h e  

evening and morning. Table 3 g ives  t h e  concentrat ions of atomic oxygen i n  

t h e  range from 100 t o  200 lan according t o  t h e  empirical  model of Hinteregger 

e t  a1.1221. It should be borne i n  mind t h a t  t h i s  model p e r t a i n s  t o  daytime 

condi t ions.  When w e  convert  t o  0 concentrat ions represent ing the  morning, 
evening o r  night t ime condi t ions,  Figure 2 should be borne in mind. 

W e  f i n d  t h a t  s u b s t a n t i a l  d i f f i c u l t y  is encountered i n  researching t h e  ­/11 
temperature of t h e  atmosphere i n  t h e  range of 100 - 200 km, where a t r a n s i ­

t i o n  occurs from t h e  r e l a t i v e l y  low temperatures of t h e  mesosphere 

7 



TABLE 4 


H,km 100 110 120 130 140 160 180 200 

-. 

T,'K 205 250 332 502 666 935 1042 1100 
i 

(200 - 300' K) to the high temper­

atures of the thermopause (1000 ­
2000' K). It is difficult to deter­
mine T on the basis of data on the al­
titude of the homogeneous atmosphere 
obtained from manometric density 

measurements because of the absence 
'of reliable data (until quite re­


cently) on the chemical composition 


of the atmosphere, i.e. on the value of p (molecular weight) necessary for 


finding the temperature. Methods have begun to be developed recently for 


determining the parameters of the atmosphere by actively influencing 

it (releaslng metal vapors, nitric oxide and other reagents from 


rockets1. However, for the present they give only the general character 

of the change in the value of T in this altitude range (see the article by 


Blamont [25] ) ,  without allowing for the complex variations in temperature 

which take place with change in time of day, solar activity, season, etc. 


Table 4 shows the temperature distribution in the range from 100 to 200 km 


according to the Kallman and Sibley model [17]. This model, as mentioned 


previously, pertains to the daytime conditions during the period of average 


solar activity (1960). It is essential to bear in mind that the temperatures 


cited in Table 4 are given only as an example of the possible distribution 


of T, and may differ substantially from the actual temperatures in the 


atmosphere. 


c. Altitudes Above 200 km. Above 200 km, as mentioned above, in­
vestigation of the atmospheric density is conducted basically from observa­

tions of the deceleration of artificial satellites. The information 

accumulated for the past few years has permitted clarification of the 
significant variations in density at these altitudes. Two types of varia­
tions in p are apparently the most substantiall: diurnal variations and 

those depending on solar activity. The diurnal variations are produced by 



TABLE 5 

*u- - - -
Trans la to r ' s  note:  Commas represent  decimal pal ints .  

changes during t h e  day i n  t h e  i n t e n s i t y  of short-wave and corpuscular 

s o l a r  r a d i a t i o n s ,  and c o n s i s t  of an  inc rease  i n  t h e  atmospheric dens i ty  a t  

n ight  as opposed t o  t h a t  during t h e  day. As is obvious from Reference [9] ,  

t h e  amplitude of t h e  f l u c t u a t i o n s  i n  p grows wi th  a l t i t u d e ,  reaching almost 

one order  of magnitude a t  an a l t i t u d e  of 600 km. 
Varia t ions  i n  dens i ty  from maximum t o  minimum s o l a r  a c t i v i t y  t ake  p lace  /12 

with even g r e a t e r  amplitude. Table 5 shows t h e  mean va lues  of dens i ty  

obtained by King-Hele [7] on t h e  b a s i s  of analyzing v a r i a t i o n s  i n  t h e  o r b i t s  

of 45 satell i tes i n  1958 - 1964. This t a b l e  shows t h a t  t h e  daytime values  

of p change by a f a c t o r  of 30 - 50 from t h e  per iod  of minimumactivity to  

t h e  per iod of max imum a c t i v i t y  a t  a l t i t u d e s  of 600 - 700 km. The n ight t ime 
values of t h e  dens i ty  vary from maximum t o  minimum a c t i v i t y  even more s t rongly .  

A v a r i a t i o n  i n  atmospheric dens i ty  i s  observed over a period of 

27 - 28 days (monthly e f f e c t ) .  According to t h e  work of V. V. Mikhnevich 
[9],  t h i s  v a r i a t i o n  l i e s  w i t h i n  a f a c t o r  of 1.5 t o  2 and must b e  g r e a t e r  

9 




f o r  higher  a l t i t u d e s .  Var ia t ions  i n  p are a l s o  noted with a semiannual 

per iod and a ]narrower/l a t i t u d e .  In  add i t ion  t o  t h e  pe r iod ic  v a r i a t i o n s  i n-

denei ty  i t  is poss ib l e  t o  have v a r i a t i o n s  i n  p which depend on spontaneous 

phenomena: geomagnetic per turba t ions ,  s o l a r  f l a r e s ,  etc. 

Research on t h e  n e u t r a l  composition of t he  atmosphere above 200 km is 

extremely l imi ted .  During t h e  launching of t h e  geophysical rocket  on 

November 15, 1961, A. A. Pokhunkov 1211, using a radio-frequency mass-

spectrometer,  measured the ' concen t r a t ions  of molecular n i t rogen  up t o  an 

a l t i t u d e  of 430 lan. Comparison of these  concentrat ions with the  da ta  on the  

atmospheric dens i ty  showed t h a t  a t  a maximum a l t i t u d e  of 430 km molecular 

n i t rogen  comprises 30 t o  60% of t h e  t o t a l  number of p a r t i c l e s  [21]. This  

l a t te r  ind ica t e s  t h a t  t he  n i t rogen  molecule i s  a s u b s t a n t i a l  component 

of t n e  atmosphere up t o  s i g n i f i c a n t l y  higher  a l t i t u d e s  than w a s  assumed 

previously (see, f o r  example C201 

These conclusions are a l s o  v e r i f i e d  by the  r e s u l t s  of research  on t h e  

neu t r a l  composition of t h e  atmosphere on the  "Explorer XVII" satel l i te  

[26, 271. According t o  re ference  [26], atomic oxygen begins t o  p reva i l  over 

molecular n i t rogen  a t  an a l t i t u d e  above 250 - 300 km. I n  Indiv idua l  in­

stance%however,the l e v e l  where the  atomic and molecular concentrat ions 

are comparable ([OI = [ N 2 1 )  l i e s  a t  s i g n i f i c a n t l y  higher a l t i t u d e s  [28]. 

Figure 2 shows the  values  f o r  t he  r a t i o s  of [ O ] / [ N  2 3 and [He] / [O] ,  obtained 

i n  these experiments by Reber [281. 

The temperapxre of t h e  thermosphere is very s e n s i t i v e  t o  change i n  s o l a r  

a c t i v i t y .  According t o  t h e  work of Jacchia  [8], t he  magnitude of T above 

t h e  thermopause varies a t  n ight  from 1400° K during t h e  maximum a c t i v i t y  

(1958) t o  700' K near  the  minimum (1963). The corresponding values  f o r  

t h e  daytime temperature [8] are 1800" K and 900' K; f l u c t u a t i o n s  i n  tempera­
t u r e  during the  day i n  t h e  per iod of minimum s o l a r  a c t i v i t y  are less than i n  

the  period of t h e  maximum. 
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§ 2. ELECTRON CONCENTRATION 

a. Al t i t ude  Range H,5,100km. The region of t h e  ionosphere below 

100 km ( t h e  so-called D region)  has been s tudied less than t h e  o the r  

ionospheric  regions.  The reason f o r  t h i s  w i l l  be  examined below. The 

e l e c t r o n  concent ra t ions  i n  t h e  lower ionosphere are d i s t r i b u t e d  by seve ra l  

methods. Ionospheric cross-modulation and t h e  method of obl ique incidence 

of r a d i o  waves are among t h e  su r face  methods used. Rocket experiments involve 

s tudying t h e  propagation of r a d i o  waves t ransmi t ted  from t h e  rocket  o r  

measuring t h e  parameters of t h e  atmosphere d i r e c t l y  around the rocket  using 

va r ious  probes. 

G. S. Ivanov-Kholodnyy [3] made a de ta i l ed  survey of t h e  r e s u l t s  of 

measuring [e] i n  t h e  D region using these  methods. H e  examined t h e  magnitude 

of t h e  e l ec t ron  concent ra t ions  measured i n  almost 40 rocket  experiments, 

and found t h e  ex is tence  of pronounced v a r i a t i o n s  i n  [e] from experiment t o  

experiment. It w a s  found t h a t  most of t h e  inves t iga t ions  on e l ec t ron  

concent ra t ion  w e r e  done i n  per iod of d i s turbances  ( i n  t h e  presence 

a sporadic  E l a y e r ,  po la r  blackouts ,  s o l a r  f l a r e s ) ,  when t h e  magnitude of 

[ e ]  is g r e a t e r  than i n  t h e  unperturbed D region. Nighttime va lues  of t h e  

e l e c t r o n  concent ra t ions  a t  a l t i t u d e s  of 60 - 100 km were found t o  be 

1- 1.5 o rde r s  lower than t h e  daytime values.  Comparison of t h e  research  

r e s u l t s  on [e] using var ious  methods shows [3] t h a t  t h e  probe methods are 

g r e a t l y  i n f e r i o r ,  as concerns t h e  r e l i a b i l i t y  of t h e  r e s u l t s ,  t o  t h e  methods 

of r ad io  wave propagation. Table 6 gives  t h e  mean va lues  se l ec t ed  by G.S. 

Ivanov-Kholodnyy [3] f o r  t h e  e l e c t r o n  concentrat ion by day (under q u i e t  

condi t ions  and i n  t h e  per turbed ionosphere) and by n igh t  ( t he  t a b l e  g ives  

1%[el).  
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TABLE 6 

Conditions 
H, km 

. 60 65 70 1 75 80 1. 85 
- ­-

Day 1.6 1.9 2.2 2.6 2.9 3.3 
perturbed 2.7 3.2 3.5 3.6 3.8 4.1donosphere 

Night _-- 1 1.3 1.6 2.0 

90 

3.8 
4.5 

2.5 
v 

b. A l t i t udes  Above 100 km. On t h e  b a s i s  of analyzing t h e  d a t a  obtained /14 
i n  approximately 90 rocket  experiments, T. V. Kazachevskaya and G .  S. Ivanov-

Kholodnyy [29] constructed an empirical  model of t h e  q u i e t  ionosphere a t  

a l t i t u d e s  of 100 - 300 km. Figure 3 shows t h e  v a r i a t i o n  i n  [e] a t  var ious 

zen i th  angles  of the  sun i n  summer and i n  winter  during low s o l a r  a c t i v i t y  

and i n  summer during high s o l a r  a c t i v i t y .  This model a t  the  present  time 

is t h e  most r e l i a b l e  and g ives  t h e  magnitudes of t h e  e l e c t r o n  concentrat ion 

wi th  an e r r o r  t h a t  does not  exceed a f a c t o r  of 2. J u s t  as i n  Reference 131 
f o r  the  D region, t h e  authors  of [29] came t o  t h e  conclusion t h a t  t h e  r e s u l t s  

of probe measurements of [e] are less r e l i a b l e  than t h e  da t a  obtained by 

o the r  methods. 

Figure 4, taken from t h e  survey work of Bourdeau e t  al .121,  shows the  

v a r i a t i o n  i n  e l ec t ron  concentrat ion above 200 km during the  day (12 hr .  

38 min., October 19, 1961) and during t h e  n igh t  (2 hr .  27 min., March 29, 

1962). It should be borne in mind t h a t  the  curves on t h e  drawing give only -I15 

the  cha rac t e r  of the  v a r i a t i o n  i n  [e] above 200 km. The a c t u a l  concentra­

t i o n s  a t  each moment may d i f f e r  from these  values due t o  t h e  ex i s t ence  of a 

d i f f e r e n t  s o r t  of v a r i a t i o n  in  t h e  e l ec t ron  concentration. According t o  t h e  

d e t a i l e d  inves t iga t ion  of Brace and Ready [301, a t  an a l t i t u d e  of 100 km 
the  v a r i a t i o n  i n  [e] wi th  l a t i t u d e  reaches a f a c t o r  of 3 and decreases by 

approximately 2 times from day t o  night .  
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F-pre 3. Altitude Variation 

in Electron Concentration of 

[e] At Various Zenith Angles 

of the Sun According to the 

Model of G. S. Ivanov-Kholodnyy 

and T. V. Kazachevskaya C291. 


a. In Summer during a Period of 
Low Activity. b and c. In ‘ 
Summer and Winter during a Period 
of High Solar Activity, Respec­
tively. 
(cy continued on next page) 


5 3. CONCENTRATIONS OF POSITIVE AND NEGATIVE IONS 


a. The Range H h100 km. At the present time experimental data on the 
ion composition of the atmosphere below 100 km are extremely limited. A 


series of experiments on studying the overall concentration of positive ions 


using probes was done by Sagalin and Smiddy [311 and by Smith [32]. The 
results show that the magnitudes of [e]are almost constant at altitudes in 
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Figure 3. (Conclusion) Altfiude Variation in Electron 

Concentration of [e] At Various Zenith Angles of the 

Sun According to the Model of G. S. Ivanov-Kholodnyy and 

T. V. Kazachevskaya 1291. 


a. In Summer during a Period of Low Activity. b and 

C. In Summer and Winter during a Period of High 

Solar Activity, Respectively. 


the range from 60 to 100 km and are equal to (23 - 10)*103 cm-3. Comparison . 

of these data with the most reliable measurements of the electron concentration\ 

in the D region was made by G. S. Ivanov-Kholodnyy [3] who concluded that 

during the day [X’] > [e] at altitudes below 75 - 80 km. This means that -/I6 

below this level a considerable contribution is made by the negative ions 
to the overall concentration of charged particles. The role of the negative 
ions in the D regiondand the level where [X‘]/[e] = h 1, will be discussed 
below. 

The first investigations of the ion composition of the atmosphere below 

100 lan were made in the experiments of Johnson et a1.1[33]. It was estab-
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r

!!+IO 

Figure 4. Var ia t ion  Elec t ron  

Concentration wi th  A l t i t u d e  
During t h e  D a y  (12 h r .  30 min.. 
October 19, 1961, Curve 1) and-
a t  Night (2 hr .  27 m i n . ,  March 
29, 1962, Curve 2). 

l i shed  t h a t  a t  a l t i t u d e s  g r e a t e r  than+
90 km O2 and NO

+ ions  w e r e  observed. 

Furthermore, during t h e  f l i g h t  a weak 

'peak w a s  observed f o r  t he  nega t ive  

ion with a mass of 46 amu (probably 

NO;). Recently inves t iga t ions  of t h e  

ion composition of t h e  D reg ion  w e r e  

made by Narc is i  and Bailey [34, 351. 

Figure 51. taken from t h e  survey work 
v 1­

of Narcisi [36], shows t h e  concentra­

t i o n s  of p o s i t i v e  ions  a t  a l t i t u d e s  of 

65 - 85 km according t o  t h r e e  mass-

spectrometr ic  experiments conducted 

i n  1963 - 1965. The accuracy of t h e  concent ra t ions  is evaluated by t h e  

author [36] i n  t h e  following manner: a f a c t o r  of 4 f o r  t h e  absolu te  va lues  

and a f a c t o r  of 2 f o r  t h e  r e l a t i v e  values .  

It is obvious from Figure 5 t h a t  i n  add i t ion  t o  t h e  atmospheric ions+ 
N+2 (28+), NO+ (30') and 0;(32+), ions  of H20 (18+), H30

+ 
(19

+,
) and H (H20)2 

(37+) a r e  a l s o  de tec ted  i n  the  D reg ion  as w e l l  as ions  with a high+mass 

number (>45) ,  which t h e  au thors  i d e n t i f y  a s  ion "bunches" of H(H20)3-type. 

It i s  n a t u r a l  t o  assume t h a t  t h e  ions  containing H20+ a r e  the  r e s u l t  of 

contamination of t h e  surrounding atmosphere by the  rocket .  However, com­

puta t ions  show t h a t  even a very high degree of+ contamination cannot g ive+
t he  r eg i s t e red  high concent ra t ions  of 19+, 37 and 45 ions;  therefore , ,  

Narc i s i  [36] assumes t h a t  t hese  ions  are atmospheric. 

b. A l t i t udeRange  from 100 t o  200 lan, A t  t h e  present  time t h e  ion  

composition here  has  been inves t iga t ed  s i g n i f i c a n t l y  b e t t e r  than i n  o the r  

reg ions  of t h e  atmosphere. The experiments w e r e  conducted a t  var ious  t imes 

of day ( a t  var ious  zen i th  angles  of t h e  sun) and i n  var ious  per iods  of s o l a r  

a c t i v i t y  ( a s  an i n d i c a t o r ,  t h e  r ad io  emission f l u x  a t  10.7 c m  wavelength 
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Figure 5 .  Concentration Di s t r ibu t ion  of P o s i t i v e  Ions i n  
t h e  Lower P a r t  of t h e  Ionosphere According to t h e  Experi­
mental Data of Narc is i  [36]. 

Figure 6. Var ia t ion  i n  
Rela t ive  Concentration of 
Ions a t  Various Al t i t udes  
as a Function of t h e  Solar  
Zenith Angle zo,  

a. 	 For O+/[e]; b. for 
NO+/[e]; 1. 200 km; 
2. 180 km; 3. 160 km; 
4 and 5 .  High and Low 
Solar  Ac t iv i ty ,  Respectively; 
6. 	 Nominal Var ia t ion  i n  
t h e  Region z8 < 50'. 
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w a s  used). This  permits i n v e s t i g a t i o n  of t h e  v a r i a t i o n  i n  ion  composition 

I',/ of t h e  atmosphere wi th  t i m e  of day and s o l a r  a c t i v i t y .  

Figure 6 shows t h e  experimental  d a t a  on v a r i a t i o n  i n  i o n  composition at  
a l t i t u d e s  of 160, 180 and 200 km as a funct ion of t h e  s o l a r  zen i th  angle  z 

during dayl ight  hours. L e t  us po in t  out t h e  d i f f e rence  i n  t h e  v a r i a t i o n s+
of [O ]/[e] (Figure 6a) is equal  t o  approldmately 0.40 f o r  z = 55" during high 

a c t i v i t y  and about 0.65 i n  t h e  period nea r  minimum s o l a r  a c t i v i t y .  For these  

s a m e  per iods t h e  magnitude of [0+]/[e] when z = 90" is 0.15 and 0.08 
re spec t ive ly .  Thus, a n a l y s i s  of t h e  experimental d a t a  shows t h a t  t h e  drop i n  

r e l a t i v e  concentrat ion of t h e  0+ i ons  with an inc rease  i n  z from 50" t o  90" 

is  more abrupt during l o w  a c t i v i t y  than duriqg high a c t i v i t y .  I n  t h i s  range 

of z t h e  r e l a t i v e  concentrat ions of NO+ and 0' 
2 

ions  vary approximately 

i n d e n t i c a l l y  and specu la r ly  i n  comparison with t h e  v a r i a t i o n  i n  t h e  magnitude 

of [O+] / [e ] .  In  t h i s  regard,  [NO +]/[e] a l s o  behaves d i f f e r e n t l y  with v a r i a t i o n  

i n  z from 50" t o  90" during per iods of m a x i m u m  and minimum s o l a r  a c t i v i t y .  

c. A l t i t udes  Greater than 200 km. A d e t a i l e d  i n v e s t i g a t i o n  of t h e  

atmospheric i o n  composition i n  t h e  range of 200 - 700 km w a s  made by V. G. 

Istomin [37, 381 f o r  t h e  t h i r d  Soviet  \satellite. With an inc rease  i n  a l t i t u d e ,+ a rap id  decrease w a s  observed i n  concentrat ions of t h e  molecular NO' and 0 

ions together  wi th  an i nc rease  i n  t h e  r e l a t i v e  concentrat ions of atomic 0' and 

N	+ ions.  It w a s  found t h a t  a t  t h e  maximum of t h e  F2 region t h e  ionosphere 

p r a c t i c a l l y  c o n s i s t s  of e l e c t r o n s  and ions of atomic oxygen with a small 

(%lo%)add i t ion  of N+ ions.  The r e s u l t s  of t hese  i n v e s t i g a t i o n s  w e r e  found 

t o  be  i n  good agreement wi th  t h e  d a t a  on ion  composition obtained on rockets  

i n  t h e  region H < 200 km. Figure 7, taken from t h e  work of V. G. Istomin 

[39], shows t h e  v a r i a t i o n  i n  relative ion  concentrat ions a t  a l t i t u d e s  of 100­

700 km. On t h i s  f i g u r e  i t  is easy t o  see t h a t  rocket d a t a  f o r  [NO
+

] /LO 
+I 
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Figure 7. Varia t ion  i n  Ion Concen­
t r a t i o n  Rat ios .  

On t h e  Rocket (Aygust+1958, Day­
l i g h t ) :  1. [021/[0 1 ;  2. 

[NO
+] / [ e  +1;  On t h e  Third A r t i ­

f i c i a l  Earth S a t e l l i t e  (May 1958, 
Daylight) ; 3'. [ O 9 /  LO+] ; 4 .  

I-- fog% - 1- '  
Figure 8. Var ia t ion  i n  Al t i t ude  of 

t h e  Rela t ive  Amount of Various 
Ions i n  t h e  Ionosphere According 
t o  t h e  Experiment of V. G. 
Istomin on t h e  Sa te l l i t e  

IIElectron" [40]. 

and [0'21/[0'-'1 agree  w e l l  wi th  t h e  

r e s u l t s  from s a t e l l i t e  research  a t  

high a l t i t u d e s ,  g iv ing  smooth curves.  

Inves t iga t ions  of t h e  atmospheric ion  

composition above t h e  maximum of t h e  

F2 region (300 km) involve a number of 

experimen ta.1 d i f  f i cu l - t ies  and contradic­

t ions .  It w a s  emphasized i n  re ference  [ 4 0 ]  t h a t  t h e  conclusions concerning 

t h e  b a s i c  parameter, i .e .  t h e  a l t i t u d e  of t r a n s i t i o n  from t h e  oxygen ionosphere 
I- +

t o  t h e  proton ionosphere ([0 ] = [H ] ) ,  d i f f e r  considerably according t o  in­

v e s t i g a t o r s  using d i f f e r e n t  experimental  methods. The quest ion of helium ions  

i n  t h e  upper atmosphere w i l l  be  examined below. Figure 8, taken from Reference 

[ 4 0 ] ,  r e f l e c t s  t h e  v a r i a t i o n  i n  ion composition wi th  a t l t i t u d e  according t o  

t h e  da t a  from t h e  s a t e l l - i t e  "Elektron". 
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§ 4. INTENSITY OF ULTRAVIOLET SOLAR RADIATION 

The most complete i n v e s t i g a t i o n s  on t h e  i n t e n s i t y  of short-wave s o l a r  

r a d i a t i o n  have been rocket s t u d i e s  by U.S. researchers  (Tousey [6] ,  Friedman 

[41], Hinteregger 151, Hinteregger et  al. [22], etc.). Below we  s h a l l  c i te  

da ta  on t h e  energy of s o l a r  u l t r a v i o l e t  and x-radiation ou t s ide  t h e  atmosphere 

taken from survey [SI. Table 7 gives  t h e  energy f l w  ( in  erg/cm2.sec) w i th in  
0 

a range of AX = I A (  0 
f o r  t h e  region X = 2625 - 1325 A according t o  t h e  measurements 

of D e t w i l e r  e t  a l .  [42], Tablg 8 gives  t h e  r a d i a t i o n  f luxes  for1 s e p a r a t e  s p e c t r a l  

ranges i n  t h e  region X < 1325 A. These d a t a  were obtained i n  Reference 1221. 

The quan t i ty  A I  includes both  t h e  energy of t h e  continuous spectrum and the 

energy of t h e  b a s i c  emission l i n e s  i n  t h i s  region. 

The r a d i a t i o n  i n t e n s i t y  i n  Table 8 r e f e r s  t o  J u l y  1963 [22] and t h e  

da t a  i n  Table 7 t o  1960 [42]. The quest ion on v a r i a t i o n s  i n  i n t e n s i t y  of 

short-wave s o l a r  r a d i a t i o n  with t h e  cycle  of the  s o l a r  a c t i v i t y  has lno t  y e t  been 

1 	 adequately s tudied.  According t o  [SI from August 1961 t o  December 1963 

a decrease 'occurredin t h e  i n t e n s i t y  of t h e  major i ty  of t h e  l i n e s  i n  t h e  
0 

range from 1216 - 284 A by 1.5 t o  2 times. For l i n e s  wi th  a high p o t e n t i a l  ­/19
0 0 

of e x c i t a t i o n ,  such as FeXVI(335.0 A) o r  FeXV(284.2 A) t h i s  decrease w a s  

found t o  be s l i g h t l y  l a r g e r .  It obviously follows t h a t  from maximum a c t i v i t y  

t o  minimum a c t i v i t y  t h e  i n t e n s i t y  of t h e  u l t r a v i o l e t  s o l a r  r a d i a t i o n  wi th  
0 

X < 1000 A v a r i e s  by 2 - 3 t i m e s .  

Radiation i n  the  Lyman - a l i n e  plays a major r o l e  i n  t h e  upper at­

mosphere of t h e  Earth. The i n t e n s i t y  of t h i s  r a d i a t i o n  w a s  measured i n  

seve ra l  experiments. A t  t h e  present  time it is  assumed t h a t  t h i s  i n t e n s i t y  

varies l i t t l e  wi th  time and is 3 - 6 erg/cm2*sec [2].  On t h e  b a s i s  of 

experimental d a t a  on1 u l t r a v i o l e t  s o l a r  r a d i a t i o n  f l u x ,  t h e  i o n i z a t i o n  

rates apd Id i s soc ia t ion  rates of t h e  atmospheric components w e r e  computed 
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TABLE 7 

TABLE 8 

at  var ious a l t i t u d e s .  The most complete da t a  w e r e  obtained i n  t h e  words 

s f  G .  S .  Ivanov-Kholodnyy [ 4 3 ,  441 .  Figures 9 and 10,  taken from these  papers, 

show t h e  t o t a l  rate of i on iza t ion  q as a funct ion of t h e  s o l a r  z e n i t h  angle  

and t h e  ion iza t ion  rate of t h e  bas i c  atmospheric components r e spec t ive ly ,  a t  

a l t i t u d e s  of 100 - 300 km. It should be borne i n  mind t h a t  t h e s e  da t a  r e f e r  

t o  low s o l a r  a c t i v i t y .  

The p r o f i l e  of the  rate of d i s s o c i a t i o n  of molecular oxygen was obtained 

i n  Reference [22]. Figure 11, taken from t h i s  paper, shows t h e , v a r i a t i o n  
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Figure 9. A l t i t u d e  v a r i a t i o n  of t h e  
Overall Rate of Ion Formation i n  t h e  
Atmosphere a t  Various Solar Zenith 
Angles According t o  [431. 

Figure 10. A l t i t u d e - v a r i a t i o n  of the  
Re la t ive  Rate of Formation of Differ­
e n t  Ions a t  Low Solar  A c t i v i t y  
According t o  [44]. 

with  a l t i t u d e  i n  t h e  c o e f f i c i e n t  of 

d iqsdc ia t ion  0 j and t h e  rate of 
O2d i s s o c i a t i o n  Vo a t  a l t i t u d e s  of 100 ­

200 km. 2 

Thus, a t  t h e  present  time t h e r e  

are a l r eady  s u f f i c i e n t l y  r e l i a b l e  

experimental d a t a  on t h e  d i s t r i b u t i o n  

of t h e  b a s i c  parameters i n  t h e  upper 

atmosphere. The agenda includes t h e  

quegtion of i nves t iga t ing  those mech­

an+" which determine t h e  d i s t r i b u ­

t i o n  of these  parameters with a l t i t u d e ,  

t h e i r  v a r i a t i o n  with time of day, 

season, s o l a r  a c t i v i t y ,  etc. This i n  

tu rn  l eads  t o  t h e  necess i ty  of a 

d e t a i l e d  i p v e s t i g a t i o n  of t h e  bas i c  

processes i n  che upper atmosphere 

involve both n e u t r a l  and charggd 

p a r t i c l e s .  L e t  us examine 

t h e  quest ton as t o  what i s  known a t  

t h e  present  time concerning the  r o l e  

and t h e  e f f ec t iveness  of t hese  pro­

cesses.  

Fiwre 11. Coef f i c i en t  of Dissociat ion 
jb2 and R a t e  of Dissociat ion j o g  LO21 1 , , 

of Molecular Oxygen i n  t h e  Atmosphere 
According t o  Hinteregger et  aP. [22]. 
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PROCESSES INVOLVING CHARGED PARTICLES 

The inf luence of va r ious  hard r a d i a t i o n s  on t h e  upper atmosphere of t h e  

Earth l e a d s  t o  i o n i z a t i o n  of t h e  atmospheric components and t o  t h e  formation 

of p o s i t i v e  ions  and e l ec t rons .  I n  t h e  r o l e  of i on iz ing  agents  we f i n d  

u l t r a v i o l e t  s o l a r  r a d i a t i o n ,  x-radiat ion,  cosmic r ays  and corpuscular streams. 

Each of t hese  f a c t o r s  ope ra t e s  i n  a given a l t i t u d e  range and l eads  t o  pre­

determined e f f e c t s .  The r e l a t i v e  r o l e  of c e r t a i n  ion iz ing  sources of radia­

t i o n  may vary as a func t ion  of time of day, s o l a r  a c t i v i t y  o r  o the r  f a c t o r s  

( f o r  example, i on iza t ion  by x-radiat ion p r e v a i l s  during s o l a r  f l a r e s  over 

i on iza t ion  by r a d i a t i o n  i n  t h e  Lyman - a l i n e ;  t h e  corpuscular streams which 

have l i t t l e  e f f e c t  during the  day may determine the  i o n i z a t i o n  of t h e  

nocturnal  ionosphere, etc.). 

The r e a c t i o n s  of recombination of p o s i t i v e  ions  and e l e c t r o n s  ( i n  

t h e  lower p a r t  of t h e  ionosphere i t  is the  negat ive ions ,  about which we 
speak below i n  d e t a i l )  are processes t h a t  are inve r se  t o  t h e  ion iza t ion  of 

n e u t r a l  atmospheric p a r t i c l e s .  The problem of determining balanced concen­

t r a t i o n s  of e l e c t r o n s  formed under t h e  in f luence  of t h e  processes of ioni­

za t ion  and recombination w a s  f i r s t  s tudied i n  1931 by Chapman [ 4 5 ] .  H e  

s impl i f i ed  t h e  condi t ions of t h e  problem: an atmosphere cons i s t ing  of a 
s i n g l e  gas wi th  an al t i tude-constant  temperature, monochromatic r a d i a t i o n ,  

and a two-dimensional layer .  It i s  obvious t h a t  a t  t h e  present  time such a 

so lu t ion  qS( i napp l i cab le  i n  the  general  case both  because t h e  atmosphere has a 

complex composition which, l i k e  t h e  temperatu,e, v a r i e s  wi th  a l t i t u d e  while 

t h e  absorpt ion c o e f f i c i e n t  v a r i e s  s t rong ly  wi th  the  wavelength of t h e  ion iz ing  

r a d i a t i o n ,  and because t h e  p o s i t i v e  ions and e l e c t r o n s  formed as a r e s u l t  

of d i r e c t  photoionizat ion may undergo a whole series of complex conversions 

before  the  inve r se  process of formation of n e u t r a l  p a r t i c l e s  t akes  place 

wi th  recombination of t h e  charged p a r t i c l e s ,  which l eads  t o  s i g n i f i c a n t l y  

more complicated l a w s  governing recombination i n  t h e  ionosphere than Chapman 

had assumed. 
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a. Recombination of Electrons and P o s i t i v e  Ions. 'he processes of 

i n t e r a c t i o n  between p o s i t i v e  ions  and e l e c t r o n s ,  leading t o  t h e  formation of 

n e u t r a l  p a r t i c l e s ,  are c a l l e d  recombination processes.  Since t h e  energy 

expended on ion iza t ion  of t h e  n e u t r a l  p a r t i c l e  is  released when t h e  correspond­

ing e lec t ron  and p o s i t i v e  ion  combine, the question as t o  what happens t o  t h e  

r e s u l t a n t  energy su rp lus  becomes very s i g n i f i c a n t .  

The s implest  mechanism f o r  release of t h i s  energy is  by r a d i a t i o n ;  t h e  pro­

cess of i n t e r a c t i o n  between t h e  p o s i t i v e  ion and t h e  e l e c t r o n ,  which l eads  

to r a d i a t i o n  of t h e  energy su rp lus ,  is  c a l l e d  r a d i a t i v e  recombination: 

X + + e + X + h v .  

where X can designate  e i t h e r  an atom o r  a molecule. 

Another mechanism f o r  release of t h e  energy su rp lus  may be  by t r ansmi t t i ng  

i t  t o  a t h i r d  body (atom o r  molecule) which p a r t i c i p a t e s  i n  t h e  react ion:  

X t  +e +  M 4 X +M* 

where t h e  symbol * shows t h a t  t h e  p a r t i c l e  M received an a d d i t i o n a l  sha re  of 

energy. F ina l ly ,  when molecular ions i n t e r a c t  with e l e c t r o n s ,  a process of 

d i s s o c i a t i v e  recombination may t ake  place i n  which the  energy surplus  goes 

t o  d i s soc ia t ion  of t h e  r e s u l t a n t  short- l ived complex and t o  e x c i t a t i o n  of t h e  

r eac t ion  products: 

X Y + + e - ,  X Y  unstable  4 X * + Y  (3) 

Now let  us look a t  t h e  e f f e c t i v e n e s s  of recombination processes (1) - (3) 

and t h e i r  r o l e  i n  t h e  var ious regions of t h e  ionosphere. A d e t a i l e d  survey 

of t h e  present  state of t h e  art on research i n  recombination processes is 
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given i n  t h e  work of Biondi [46], 

The rate cons t an t s  of t h e  r a d i a t i v e  recombination processes w e r e  com­

puted t h e o r e t i c a l l y  on t h e  b a s i s  of quantum theory f o r  hydrogen ions.  

Theoret ical  computations of the  r a d i a t i v e  recombiqation rates of i ons  which 

are very important f o r  atmospheric physics,  i.e. ions  of atomic oxygen and 

ni t rogen,  w e r e  made by Bates [47]. These computations show t h a t  the  rate 
constants  f o r  r a d i a t i v e  recombination are on t h e  order  of 10-l2cm3. sec-l. 

Very l i t t l e  d a t a  e x i s t  on the  e f f ec t iveness  of t h e  recombination pro­

c e s s  of ions and e l e c t r o n s  wi th  t r i p l e  c o l l i s i o n s .  Massey and Burhop [48] 

found on the  b a s i s  of t h e o r e t i c a l  arguments t h a t  t h e  constant  process of a2 

must be  equal t o  6'10-27 cm6'sec-l i n  air  at a temperature of 300' K. A t  

t h e  present  time,lhowever,there are no experimental da t a  on t h e  magnitudes of 

a2 which could be compared wi th  these t h e o r e t i c a l  evaluat ions.  

+ +
Dissociat ive recombination of mqlecular NO , 0, and N,+ 

i ons  is t h e  
L L 

bas i c  process i n  p r a c t i c a l l y  the  e n t i r e  ionosphere leading t o  the  l o s s  of 

e l e c t r o n s  and p o s i t i v e  ions: 

1n . r ecen t  years  several papers have d e a l t  wi th  experimental and ( p a r t i a l l y )  22-
t h e o r e t i c a l  i nves t iga t ions  of t hese  processes. Summaries of t h e  b a s i c  a t t a i n ­

m e n t s  i n  t h i s  area have been published many t i m e s  i n  recent  years  i n  survey 

papers [46, 49-55]. Theore t i ca l  computations of t h e  constants  of t h e  dissocia­

tive recombination processes are extremely d i f f i c u l t  due t o  t h e  necess i ty  of 

having p rec i se  knowledge of t h e  p o t e n t i a l  curves of t h e  molecule and t h e  

molecular ion,  e s p e c i a l l y  nea r  t h e  po in t  of i n t e r s e c t i o n  of t h e  curves f o r  
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the  ion  and t h e  p o t e n t i a l  curves f o r  t h e  exc i t ed  state of t h e  molecule as w e l l  

as t h e  l i f e t i m e  of t h e  exc i t ed  state. ' A t  the  present  t i m e  no such d a t a  are 
ava i l ab le .  

Thereforel, t h e  conclusions of t h e o r e t i c a l  research are only 

\ q u a l i t a t i v e  a t  t h e  present  t i m e .  To obtain any r e l i a b l e  quanti­

tative d a t a  on t h e  I magnitude of a* it is necessary t o  ca r ry  out laboratory 

r e sea rch  on d i s s o c i a t i v e  recombination and tocuse estimates of t h e  rate of tnese 
processes obtained on t h e  b a s i s  of ionospheric data .  

Here w e  s h a l l  not  c i t e  a d e t a i l e d  survey of t h e  l abora to ry  research on 

t h e  magnitude of a* f o r  atmospheic ions.  Such a survey can be found i n  

References [15, 51, 551. W e  s h a l l  c i te  only t h e  bas i c  r e s u l t s  of t h e  combined 

a n a l y s i s  of l abora to ry  and ionospheric da t a  on a*, given i n  References 

C55, 561. 

+ + 
A t+ t h e  present  time t h e  va lues  of the  constants  a* (N2), a* (02) and 

a* (NO ) f o r  a temperature on t h e  order  of 300° K a r e l f a i r l y  . .r e l i a b l y  know" 
and may be assumed equal t o .  . 

The e r r o r  i n  these  va lues  of a* should no t  exceed a f a c t o r  'of 1 . 5 - f o z
+ + +

the  N2 and 02 ions  and a f a c t o r  of 2 f o r  t h e  NO ions.  

The problem of t h e  values  of a* a t  higher  temperature8 (%lo00 - 2000 K), 
i.e. t h e  temperature dependence of t h e  constants  (71, is more complicated. A t  

t h e  present  t i m e  var ious authors  accept d i f f e r e n t  forms f o r  t h e  dependence of a* on 



T. We feel the most valid t o  be the viewpoint of G. S. Ivanov-Kholodnyy L56J 

who found on the basis of analyzing both laboratory and ionospheric data 
that the dissociative recombination conscancs depend on T in the following 

manner: 

a*(N:) a! P I #  , 
a* (0;)oc !F, 
a* (NO+)aT-1. 

The problem of the temperature dependence of the constants a* however 
is very complex. For example one of the problems is that the value of \, 
a* must depend on the temperature of the charged particles (which in a number 
of cases may differ considerably from the temperature of the neutral atoms 
and molecules), and the laboratory data are "bound" to the temperature of 

the neutral component. 

The evaluations given above for the rate of the various recombination 


processes allow us to judge the relative effectiveness of these processes 


in different regions of the ionosphere. Comparison of the rate of 


electron loss rrom the reaction of triple recombination (2) with the rate of the\ 


radiative recombination of electrons shows that when a % 10-26cm6*sec-1,
Ywe must have concentrations of neutral Particles greater than 1014 &-3 

for the rate of process (2) to be greater than the rate of radia­
14 cm-3tive recombination. Since'thequantity [MI is much smaller than 10 Y 

in a large part of the ionosphere (above approximately 110 km), reactions 	 ­/23 
of triple recombination can be ignored in analyzing the ionospheric 


processes. 


Thus,,the basic "competing" processes of recombination in the upper 


atmosphere are the reactions of dissociative recombination of molecular 
ions (3) and radiative recombination of atomic ions (I). Since the values 

of a* for the basic atmospheric ions are at least 4 orders higher than the 
constant of radiative recombination �or the basic atmospheric atomic ions of 
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0+ and N', processes of d i s s o c i a t i v e  recombination c o n s t i t u t e  t h e  b a s i c  

mechanism of e l e c t r o n  l o s s  i n  t h e  ionosphere at a l t i t u d e s  of 100 - 500 km. 
Below 100 km, processes of d i s s o c i a t i v e  recombination a l s o  c o n s t i t u t e  t h e  

b a s i c  process f o r  i n t e r a c t i o n  between p o s i t i v e  ions and e l ec t rons .  

However, t h e o v e r a l l  rate of n e u t r a l i z a t i o n  a t  t h e s e  a l t i t u d e s  w i l l  depend 

on t h e  processes of i n t e r a c t i o n  between P o s i t i v e  and negat ive ions (see 

below). 

b. Ionization-of Neutral  P a r t i c l e s .  Current opinion holds  t h a t  t h e  b a s i c  

source of p a r t i c l e  i o n i z a t i o n  i n  the  upper atmosphere of t h e  Earth i s  u l t r a ­

v i o l e t  s o l a r  r a d i a t i o n .  The i o n i z a t i o n  threshold of t h e  b a s i c  atmospheric 

components, i.e. n i t rogen  and oxygen i n  atomic and molecular form, l i e s  i n  
0 

the  range of 800 - 1020 A (see Table 9 ) ) ;  t he re fo re  r a d i a t i o n  on a 

s h o r t e r  wavelength may l ead  t o  t h e  formation of ions and e l e c t r o n s  i n  the  

upper atmosphere. In  add i t ion  t o  t h e  d i r e c t  photoionization of t h e  bas i c  
0


atmospheric components by r a d i a t i o n  a t  h = 800 - 100 A: 

N1+hv -.N; + e  

(9) 

N +~v-,.N+ +U ,  

i n  the  lower atmosphere a s u b s t a n t i a l  r o l e  may be played by t h e  photoioniza­

t i o n  of n i t r i c  oxide molecules which have a low i o n i z a t i o n  p o t e n t i a l  of 

9.25 e V  [57]  by r a d i a t i o n  i n  t h e  s t rong Lyman - a l i n e  of t h e  s o l a r  spectrum: 

I f  t h e  quantum energy of t h e  ionizing r a d i a t i o n  is  s u f f i c i e n t l y  high, 

d i s s o c i a t i o n  ( t h e  process  of d i s s o c i a t i o n  ion iza t ion )  may t ake  p l ace  simultan­

eously wi th  i o n i z a t i o n  of t h e  molecules,. which l eads  i n  t h e  case of a diatomic 
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TABLE 9 

_ ­r 
P a r t i c l e s  *2 0 9I O2 

I____I 
Ionizat ion threshold ,, I 1020.4 796.0 911.6 852.7 
0 
A (according t o  1\57] I1I 

molecule t o  t h e  formation of an atomic ion and a n e u t r a l  atom: 

N: +hV+ N++N + e ,  

The quantum energy (or p a r t i c l e  energy i n  the  case of d i s s o c i a t i v e  ion iza t ion  by 

corpuscular f l uxes )  which i s  e s s e n t i a l  f o r  d i s s o c i a t i v e  i o n i z a t i o n  of 
0 

molecular ni t rogen,  i s  approximately 25 e V  (A = 495 A ) ,  and of molecular 
0 

oxygen, 19 eV (!A = 650 A). The r e l a t i v e  e f f ec t iveness  of t h e  d i s s o c i a t i v e  

ion iza t ion  process is low i n  comparison with d i r e c t  i on iza t ion .  According t o  

t h e  d e t a i l e d  research conducted by Weissler et ala [58], f o r  example, t h e  

production cross  s e c t i o n  of N+ ions with i o n i z a t i o n  of t h e  N2 molecule by 

r a d i a t i o n  at X = 400 - 500 A is 1 - 2 orders  smaller than t h e  production
+ cross  s e c t i o n  of N2 ions.  The same a l s o  app l i e s  t o  t h e  production of+ 

1240 ions with i r r a d i a t i o n  of t h e  O2 molecule. Since atomic oxygen e x i s t s  i n  -
a l a r g e  p a r t  of t h e  ionosphere i n  g r e a t e r  amounts than does molecular oxy­

+ gen, t h e  r o l e  of 0 production by process (15) can be  ignored. 

A d i f f e r e n t  s i t u a t i o n  is observed wi th  atomic ni t rogen.  Since t h e  concentra­

t i o n s  of atomic n i t rogen  a t  a l t i t u d e s  of 100 - 300 km are low and comprise 

approximately 10-2 - of the  N2 molecule concentrat ion,  we cannot exclude 

the p o s s i b i l i t y ’  t h a t  d i s s o c i a t i v e  ion iza t ion  of molecular n i t rogen  may be
+ more e f f e c t i v e  i n  t h e  formation of N i ons  than d i r e c t  i on iza t ion  of N 

atoms, and the  experimentally r eg i s t e red  N+ i ons  may be p r imar i ly  t h e  product 
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of r e a c t i o n  (14). Ion iza t ion  rates f o r  t h e  b a s i c  atmospheric 

components above 100 km f o r  minimum s o l a r  a c t i v i t y  w e r e ,  as shown 

above, obtained i n  t h e  research  of Hinteregger e t  aL, [22] and G. S .  Ivanov-

Kholdnyy [43, 441. However, i t  should be remembered t h a t  with v a r i a t i o n  

i n  t h e  level of s o l a r  a c t i v i t y  t h e  condi t ions  i n  t h e  atmosphere must a l s o  

vary. In  p a r t i c u l a r ,  with inc rease  i n  s o l a r  a c t i v i t y s t h e  i n t e n s i t y  of u l t r a ­

v i o l e t  s o l a r  r a d i a t i o n  must increase;,and t h e  n e u t r a l  composition of t h e  

atmosphere may vary.  This means t h a t  t h e  magnitude of t h e  ion iza t ion  rate i n  

t h e  atmosphere i s  a func t ion  of t h e  level of s o l a r  a c t i v i t y  and i n  p r i n c i p l e  

w e  must have va lues  of q f o r  t h e  var ious  condi t ions ,  

Analysis  of t h e  dependence of i on iza t ion  rate on v a r i a t i o n s  i n  densi. ty 

of t h e  upper atmosphere is given i n  t h e  work of G. S. Ivanov-Kholodnyy [59]. 

On t h e  b a s i s  of experimental  da t a  f o r  v a r i a t i o n s  i n  dens i ty  of t h e  atmos­

phere with a change i n  the l e v e l  of s o l a r  a c t i v i t y ,  Ivanov-Kholodnyy [59] 

computed t h e  ion iza t ion  rates a t  var ious  s o l a r  zen i th  angles f o r  t h e  case of 

maximum and minimum atmospheric dens i ty .  Table 10, obtained on t h e  b a s i s  of t h e  

da t a  i n  Reference 1591, shows t h e  r a t i o  o f t h e  ion iza t ion  rate f o r  maximum values  

of p t o  t h e  ion iza t ion  rate f o r  minimum dens i ty  of t h e  atmosphere a t  va r ious  

a l t i t u d e s  f o r  two s o l a r  zen i th  angles  [ f ( z  01 equals  t o  1 and 2 f o r  t h e  upper 

and lower l i n e s  of t h e  t a b l e ,  r e spec t ive ly ] .  

It i s  obvious from t h e  t a b l e  t h a t  t h e  v a r i a t i o n  i n  ion iza t ion  r a t e  due 

t o  v a r i a t i o n s  i n  atmospheric dens i ty  i s  inc reases  with a l t i t u d e .  Below 

300 km t h i s  e f f e c t  may p r a c t i c a l l y  be ignored; however, a t  a l t i t u d e s  of 

500 - 800 km t h e  d i f f e rence  i n  q r e a c h e s a  f a c t o r  of 3-10. It should be  borne i n  

mind t h a t  these  va lues  of l o g  -re fEec t  on ly  t h e  v a r i a t i o n s  i n  atmospheric
4m m  

d e n s i t y  with v a r i a t i o n  i n  s o l a r  a c t i v i t y ;  t h e  o v e r a l l  v a r i a t i o n  i n  ion iza t ion  

rate a t  each a l t i t u d e  with v a r i a t i o n  i n  a c t i v i t y  w i l l  be  determined both by 

v a r i a t i o n s  i n  d e n s i t y  and by v a r i a t i o n s  i n  t h e  i n t e n s i t y  of r a d i a t i o n  from t h e  

n e u t r a l  composition of t h e  atmosphere. As y e t  t h e r e  are i n s u f f i c i e n t  da t a  

concerning t h e  dependence of t hese  l a t t e r  parameters on s o l a r  a c t i v i t y .  
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TABLE 10 

H, 100 150 200' 250 

1g - 0 0 0.01 0.07 
%in 

c. Ion-Molecular Reactions. In  1949, Bates f i r s t  mentioned the  

poss ib l e  role i n  t h e  upper atmosphere of r e a c t i o n s  such as: 

X + + . Y Z - , X + Y Z + ,  

Later the  r o l e  of processes (16) and (17) w a s  s tud ied  i n  a number Of -I 2 5  
papers which were discussed i n  d e t a i l  i n  t h e  surveys [ 15 ,  55 ,  601. Here we 

s h a l l  give only a survey of t h e  l abora to ry  d a t a  on t h e  e f f ec t iveness  of the  

bas i c  ion-molecular r eac t ions  i n  t h e  ionosphere. The r e s u l t s  of research 

on t h e  two major ion-molecular r eac t ions  

which determine t h e  ion loss of atomic oxygen i n  t h e  atmosphere, are given 

in\Table 11. As fol lows from t h e  t a b l e ,  t h e  s i t u a t i o n  wi th  t h e  l abora to ry  

inves t iga t ions  of the  r e a c t i o n  cons t an t s  t h a t  are of i n t e r e s t  t o  u s  is 

extremely unsa t i s f ac to ry .  Even i f  we d i sca rd  the  high va lue  
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Authors I Reaction Constant1 , 0' + N2 -t NO' + N(18) 

' o t t e r  [62] 

l ickinson & Sayers [63] 

Calrose et  al. [64] 

,angstroth & Hasted [651 

Uet  e t  ah [661 

rolpe e t  al. [67] [sic] 

iayers &-Smith [68] . 

'aulson [69] 

'aulson et  ah [70] 

yehsenfeld et  a$ [71,  72 


I _ _  

a18 = 2*10-10 cm3 * s e c-1 found by Paulson e t  ah [70] ( s ince  i t  c o n t r a d i c t s \ t h e  
-valve given i n  t h e  review paper by Paulson himself -[691 who found t h e r e  t h a t  

a18 -< 5*10-11 cm 3 Osec-l) and t h e  high value a18 = cm 3 *sec-1 , which as 

repeatedly mentioned before ,  is  obviously i n  e r r o r ,  a scatter is  observed 

i n  t h e  most r e l i a b l e  values  of a18 by one order  of magnitude and t h e  high 

and t h e  low values  have been confirmed i n  two experiments. Formula (19) is 

s l i g h t l y  b e t t e r  f o r  t h e  r eac t ion  constant ,  but even here  w e  must discard 

t h e  da t a  from the  experiment of Langstroth and Hasten [65] (which y i e l d s  a 

value of a18 t h a t  is allowable from the  viewpoint of ionospheric d a t a ) ,  i n  

order  t h a t  t h e  o the r  values  of a19 might agree among themselves with an 

accuracy up t o  a f a c t o r  of 2.  

It is t h e r e f o r e  of i n t e r e s t  t o  look a t  t h e  ionospheric da t a  on t h e  

cons t an t s  a18 and u19 Table 12 (from Reference [61]) g ives  evaluat ions 

of t h e  r eac t ion  cons t an t s  (18) and (19) on t h e  b a s i s  of ionospheric da ta .  

A s  fol lows from t h e  t a b l e  these  evaluat ions gene ra l ly  d i f f e r  consider­

ab ly  among themselves. The most r e l i a b l e  values  ( l i n e s  3 - 10) are found 
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Authors Reaction Constant Reaction Constantr-O+ + N2 + NO+ + N (18') 0+ + o2 + 0; + 0 (19) 

Bates & Nicolet [731 

Harteck & Reeves [741 

Norton et ah 1751 

Danilov 1763 

Whitten & Popoff [511 

Nisbet & Quinn [771 

Nisbet, Sagalin & Smid~j178 

Danilov (according to a/a* 

and a* f r q  L561) 


H~IIet a$[/22] [sic1 
Danilov & YZtsenko [79] 

JU+0,16 
<io* 

1.10­
(0.5-1) *lo-' 

240-l' 
1..3.107s . 

(1,643 2)aiO-l' 

II 


TABLE 13 

I 

Processes 	 Fite 


et a h  

1661
I 

'N++0 s  +NO+f 0 I' 5*10--ID 

0: +Na+NO++NO & 

N: + & + N O + f N O  2,140­
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t o  be i n  relative agreement and lead (with an accuracy up t o  a f a c t o r  of 

2 - 3) t o  the  following values  f o r  the  constants :  

Expression K201is t h e  b e s t  evaluat ion ex tan t  today f o r  t h e  cons t an t s  of t h e  

b a s i c  ion-molecular r e a c t i o n s  i n  t h e  ionosphere, and i s  s i g n i f i c a n t l y  more 

r e l i a b l e  than t h a t  which can be obtained on th6 b a s i s  of laboratory data .  

The r e s u l t s  of l abora to ry  research of o the r  ion-molecular r eac t ions  

involving atmospheric i ons  are shown on Table 13. As is  obvious from t h e  

tab le ,  f o r  t h e  major i ty  of r eac t ions ,  with t h e  exception of (21), t h e r e  are /26 
too few experiments t o  assume t h a t  t h e  values  of CL are r e l i a b l y  known. How­

e v e q t h e s e  r e s u l t s  give an order  of magnitude of t h e  constants  of t h e  

va r ious  r e a c t i o n s  and permit research on t h e  quest ion of t h e  r o l e  of t hese  

r eac t ions  i n  t h e  formation and loss of atmospheric ions.  It should be 

mentioned t h a t  t h e  question of t h e  temperature dependence of t h e  cons t an t s  of 

ion-molecular r e a c t i o n s  is st i l l  i n  a state of indeterminancy. Theory w i l l  

no t  g ive  t h e  dependence of a on T, bu t  t h e  experiments of Sayers and Smith 

[68] r e s u l t  i n  a19 a T-'. A t  t h e  same time, according t o  the  experiments 

i n  [82]  an inc rease  is observed i n  the  constant  a18 with inc rease  i n  tempera­

ture .  This problem a w a i t s  experimental so lu t ion .  

d. Ionization--Recombination Cycle of Processes i n  t h e  Ionosphere. 

Under condi t ions of photochemical balance when the  r o l e  of the  processes  of 

d i f fus ion ,  ho r i zon ta l  mass t r anspor t ,  mixing, etc. is small, t h e  rates of 

formation and loss of charged p a r t i c l e s  per u n i t  volume per u n i t  of time 

are mutually equal: 
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where q(h) i s  t h e  t o t a l  rate of ion formation a t  a given a l t i t u d e .  The 

q u a n t i t y  a', i n  t h e  right-hand s i d e  of expression (28) i s  c a l l e d  t h e  e f f e c t i v e  

c o e f f i c i e n t  of recombination and determines t h e  rate of l o s s  of t h e  charged 

p a r t i c l e s  a t  t h e  given a l t i t u d e  i n  the  absence of an i o n i z a t i o n  source. The 

e f f e c t i v e  c o e f f i c i e n t  of recombination i n  t h e  ionosphere has a l r eady  been ­127 

s tudied f o r  some time using t h e  methods of ionospheric r a d i o  probes. Accord­

ing t o  the  v a r i a t i o n s  i n  [e] during la 24-hour period and during t h e  t i m e  

of t h e  var ious pe r tu rba t ions  i t  w a s  found t h a t  t h e  rate of e l e c t r o n  l o s s  i n  

t h e  E region is  high and proport ional  t o  t h e  square of t h e  e l e c t r o n  dens i ty ,  

and i n  t h e  F2 region t h i s  rate i s  s u b s t a n t i a l l y  smaller and proport ional  t o  

t h e  f i r s t  power of [e]. This phenomenon w a s  f i r s t  explained from t h e  view­

po in t  of t h e  b a s i c  processes taking place i n  the  ionosphere by R a t c l i f f e  and 

Weeks [83]. They suggested t h a t  the  bas i c  scheme of t h e  ionization-recom­

b ina t ion  cycle  of processes i n  the  ionosphere is t h e  following: as a 
r e s u l t  of photoionization only atomic ions [A+1 are formed. As a r e s u l t  

of i n t e r a c t i o n  wi th  molecules TM] thev are converted according t o  

ion-molecular r e a c t i o n s  such as (16) and (17) i n t o  molecular i ons  [M+I ,  
which i n  turn disappear as a r e s u l t  of t h e  rapid processes of d i s s o c i a t i v e  

recombi n a t  ion. 

Before w e  examine t h e  conclusions which R a t c l i f f e  and Weeks made i n  

[83], l e t  US see j u s t  how r e a l i s t i c  are t h e  assumptions t h a t  they made. AS is 

obvious from Figure 10,  t h e  ion iza t ion  rate of atomic oxygen, which of course 

leads t o  the  formation of atomic 04- ions ,  exceeds the  i o n i z a t i o n  rate of 

N2 and O2 a t  a l t i t u d e s  above 130 - 150 km. Thus, t h e  f i r s t  assumption of 

R a t c l i f f e  and Weeks is completely v a l i d  above 150 km. The b a s i c  mechanism 
of recombination of atomic ions  with e l ec t rons  i s  r a d i a t i v e  recombination wi th  

-12 
a rate conetant on the order  of 10 cm3*sec-'. With* Note: Reactions (21) - (27) are given i n  Table 13.' 
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[e] 2 10
6 cmY3 and rate constants  of ion-molecular r eac t ions  of a t  least 

cm3'sec-', t hese  r eac t ions  w i l l  b e  a s i g n i f i c a n t l y  more e f f e c t i v e  

mechanism of atomic ion  l o s s  then r a d i a t i v e  recombination, a t  least UP t o  
-3

a l t i t u d e s  where t h e  concehtrat ion of n e u t r a l  molecules drops t o  lo6 c m  , 
which corresponds t o  H 2 500 km. Thus, the  second assumption of R a t c l i f f e  and 

Weeks [831 is f u l l y  v a l i d  f o r  t h e  bas i c  p a r t  of the  ionosphere. A s  f a r  as 

the  t h i r d  assumption is concerned, i.e. t h a t  recombination i s  
b a s i c a l l y  d i s s o c i a t i v e  recombination of molecular ions,  i t  is  a l s o  

v a l i d  f o r  a l a r g e  p a r t  of the  ionosphere [15]. 

Thus, t h e  scheme f o r  t h e  ionization-recombination cycle  of t h e  pro­

ces ses  proposed by R a t c l i f f e  and Weeks [83] is  i n  f a c t  a v a l i d  one. L e t  us 

look a t  the  conclusions obtained i n  Reference [83].  In  view of t h e  assump­

t i o n s  made, w e  have 

Above approximately 100 km where t h e  r o l e  of the  negat ive ions can be ignored 

the  following formula f o r  plasma n e u t r a l i t y  is  a l s o  v a l i d ,  

L e t  us take t h e  q u a n t i t i e s  [A+] and [M+3 from (29) and (301, r e spec t ive ly ,  

and a f t e r  s u b s t i t u t i n g  them i n t o  (31) we f ind  the expression f o r  t h e  ion 

formation rate: 

A t  a l t i t u d e s  where y [MI >> a* [e] ( t h e  lower p a r t  of t h e  ionosphere), t h e  

second term i n  t h e  denominator of t h i s  l a t te r  equation can be ignored and 
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the expression for q(h) assumes the form 


In this case the recombination rate is proportional to [e] (quadratic law 
of recombination) and, as is obvious from comparing ( 3 3 )  and ( 2 8 ) ,  the effec­
tive coefficient of recombination is equal to the rate constant of the dissoc­
iative recombination. At altitudes where y [MI << a* [e], expression ( 3 2 )  ­128 
is written in the form 


In this case the recombination rate is proportional to the first power of the 


ilectron concentration,,andthe effective coefficient of recombination a' is 


itself found to be dependent on the electron concentration and equal to' 


Therefore in the F2 region we use a linear coefficient of recombination 6, 
equal to 

p =a'[c]  =7[ M I .  ( 3 6 )  

We have looked at two different laws governing proportionality between q(h) 
and [e] from the viewpoint of the relationship between the the terms y[M] 

and a*[e] in expression ( 3 2 ) .  However, we can do the same from the view­
point of variation in the ion composition'of the atmosphere. In fact, from 

( 2 8 )  and ( 3 2 )  we have 
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\Using (29) - (31) we can transform t h i s  expression: 

a* a'
U' =. 

'+[-I 
[A+] -L u* [e] ' (38)if,[,] 

In t h e  lower p a r t  of the  ionosphere where the  concentrat ion of molecular ions 

is much g r e a t e r  than t h e  concentrat ion of atomic ions  t h i s  l a t te r  expression 

l e a d s  t o  a' 5 a*. A t  higher a l t i t u d e s  where t h e  atomic ions  predominate, a' 

is much smaller than a* and is equal t o  y [ M ] / [ e ] ,  which l e a d s  t o  a l i n e a r  

l a w  f o r  t h e  r e l a t i o n s h i p  between q(h) and [el:  

A t  the  present  time the  ex i s t ence  of two d i f f e r e n t  l a w s  f o r  recombination i n  

the  lower and upper par t s  of the  ionosphere i s  an indisputable  f a c t ,  estab­

l i s h e d  i n  a l a r g e  number of experimental research p ro jec t s .  The f a c t  t h a t  

the  theory, based on the  system of b a s i c  processes,  f u l l y  explains  t h i s  

phenomenon serves as proof of t h e v a l i d i t y o f  the  system of processes se l ec t ed .  

Confirmation of t h e  t h e o r e t i c a l  v a l i d i t y  of t h e  examined scheme of 

processes w a s  obtained i n  recent  yea r s  i n  a number of papers i n  which\ex­

perimental  d a t a  w e r e  analyzed on t h e  ion  composition of t h e  atmosphere above 

100 km. A t  t h e  same t i m e ,  appreciable  refinements w e r e  made. For in s t ance
+i t  w a s  found t h a t  t h e  d i s s o c i a t i v e  recombination of N2 ions becomes t h e  b a s i c  

mechanism f o r  loss of these  ions  only above a l t i t u d e s  of 180 - 200 km, and 

below t h i s  point  t hese  ions  disappear b a s i c a l l y  as a r e s u l t  of ion-molecular
+

r eac t ions ;  O2 ions may be  formed e f f e c t i v e l y  a t  a l t i t u d e s  of B 150 km a l s o  

as a r e s u l t  of r eac t ion  (24), etc. Without pausing f o r  a d e t a i l e d  ana lys i s  

of t hese  papers,  w e  w i l l  c i te  h e r e  only those equations which according t o  

present  concepts-determine t h e  d i s t r i b u t i o n  of concentrat ions of t h e  b a s i c  

atmospheric i ons  under balanced conditions:  
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e. Ambipolar Diffusion and D i s t r i b u t i o n  of Charged P a r t i c l e s  i n  t h e  

Ionosphere. I f  t h e  charged p a r t i c l e s  d i f f u s e  v e r t i c a l l y  a t  a rate of w, then 

t h e  equation of balance of i on iza t ion  i n  t h e  general  case is w r i t t e n  i n  t h e  

form: 

Hkre i t  is assumed t h a t  t h e  v e r t i c a l  v a r i a t i o n s  i n  e l e c t r o n  concentrat ion 

and d i f f u s i o n  rate are much g r e a t e r  than t h e  corresponding q u a n t i t i e s  i n  t h e  

ho r i zon ta l  plane. 

As is clear from equation\(45) i n  t h e  general  case t h e  equi l ibr ium concen­

t r a t i o n s  of e l e c t r o n s  are determined by t h r e e  f a c t o r s  r a t h e r  than two?ionizat ion,  

recombination and d i f fus ion .  In  practice,\howeverA e i t h e r  d i f f u s i o n  o r  \ 
photochemistry is found t o  be t h e  predominant process a t  t h i s  a l t i t u d e ,  which 

-
con t ro l s  t h e  d i s t r i b u t j o n  of charged p a r t i c l e s .  I n  f a c t ,  because of t h e  
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drop i n  atmospheric density, t h e  ion iza t ion  rate above approximately 150 ­
180 km drops with a l t i t u d e  i n  proportion t o  t h e  drop i n  concentrat ion of t h e  

n e u t r a l  p a r t i c l e s .  A t  t h e  s a m e  t i m e  t h e  d i f f u s i o n  rate increases  with a 

reduct ion i n  atmospheric dens i ty ,  and consquently the  d i f f u s i o n  

term i n  equation ( 4 5 )  w i l l  i nc rease  with a l t i t u d e .  Thus, a l e v e l  must e x i s t  

i n  t h e  ionosphere where the  l o s s  rates of t h e  e l e c t r o n s  due t o  chemical 

processes and t o  d i f f u s i o n  are comparable. 

The quest ion of t h e  r o l e  of d i f f u s i o n  i n  determining the equi l ibr ium con­

c e n t r a t i o n s  of e l e c t r o n s  i n  t h e  ionosphere has been i n t e n s i v e l y  studfed 

f o r  t h e  p a s t  t e n  years.  I n  the  majori ty  of these  i n v e s t i g a t i o n s  t o  

some degree t h e  quest ion w a s  s tudied as t o  what a l t i t u d e  the  equation of 

photochemical balance (28)  i s  no longer val idsand i t  is  necessary t o  study t h e  

r o l e  of d i f fus ion .  R a t c l i f f e  e t  al. [ 8 4 ]  made t h e  f i r s t  evaluat ion of t h e  

recombination and d i f f u s i o n  t e r m s  i n  Equation ( 4 5 ) .  They found t h a t  i n  t h e  

middle l a t i t u d e s  t h e  rates of d i f f u s i o n  and of t he  chemical processes i n  t h e  

ionosphere are comparable a t  approximately an a l t i t u d e  of 300 km which coincides  

with t h e  a l t i t u d e  of maximum e l e c t r o n  concentrat ion.  I t  b 7 a s  shown 

( t h i s  w a s  f i r s t  done by Yonezawa [ 8 5 ] )  t h a t  t h e  formation of t h e  i o n i z a t i o n  

max imum i n  t h e  F2 region a t  a l t i t u d e s  on the  order of 300 km is  a s soc ia t ed  

with a s h i f t  i n  t he  mechanisms which determine the  equilibrium concentrat ions 

of e l e c t r o n s ,  and t h a t  below t h i s  a l t i t u d e  photochemistry predominates and 

above i t ,  d i f f u s i o n  predominates. In  f a c t ,  a t  a l t i t u d e s  of t h e  F region3 

t h e  v a r i a t i o n  i n  ion iza t ion  ra te  with a l t i t u d e  i s  determined only by the  drop 

i n  t h e  o v e r a l l  number of n e u t r a l  p a r t i c l e s .  A t  the  same t i m e  t h e  recombina­

t i o n  l a w  a t  these  a l t i t u d e s  i s  such t h a t  t h e  l i n e a r  c o e f f i c i e n t  of recombina­

t i o n  f3 a l s o  drops with ; l t i t u d e  due t o  t h e  decrease i n  atmospheric dens i ty .  

Thus, t h e  value of t he  eleceron concentrat ion determined by equation ( 3 4 )  

would have t o  e i t h e r  remain a l t i t ude -cons tan t  o r  i nc rease  s l i g h t l y  due t o  

the s l i g h t  decrease i n  t h e  nuiuber of molecules M i n  t he  o v e r a l l  concentra­

t i o n  of n e u t r a l  p a r t i c l e s .  The f a c t  t h a t  such an inc rease  i s  ob.served i n  

the 200 - 300 km range, where t h e  i n t e n s i t y  of t he  ionizing r a d i a t i o n  i s  

a l t i t ude -cons tan t ,  shows t h a t  t h i s  mechanism does i n  f a c t  exist i n  t h e  
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ionosphere. The decrease in electron concentration above the maximum of the 


F2 region indicates that another mechanism (diffusion) begins to function 


and leads to an exponential decrease in the electron concentration with alti­


tude. 


Detailed computations of the rates of photoionization, diffusion and 
recombination in the F region for the various atmospheric models were made by 
Rishbeth in Reference [ 8 6 ] .  The author found that during daylight hours 
the relationship between the recombination and the diffusion terms in Equation 
(45) at the maximum of the F2 region varies, depending-on-the,model-used, 
from 0.76 to 3.5, thus indicating that the rates of electron loss due to 
diffusion and to recombination are near one another. This confirms the 
concept of the formation of a maximum of F2 distribution in the ionosphere 
due to a shift in the mechanisms which determine the distribution of charged 
particles. For nocturnal conditions Rishbeth found slightly lower values, on 

the order of 0.15 - 0.30, thus indicating an increase in the relative role 
of diffusion at night. 

At the present time obviously we can assume that below 250 - 330 km 
(i.e. below the lowest altitude at which maximum concentration-is-observed) 


the behavior of the electron and ion concentratfons-isdetermined 


basically by photochemical processes. Therefore, the processes and 


the equations studied-inthis.sectionpertain mainly to the region of 


the ionosphere below this altitude. Above the ionization maximum the dis­


tribution and behavior of the concentrations of charged particles are 


determined by laws of diffusion which are not dealt with in the present study. 


f. Processes Involving Negative Ions. Below approximately 100 km in 
the ionosphere, due to the increase in density with decrease in altitude, 
the probability sharply increases for the formation of negative ions as a 
result of cohesion processes. Several such processes exist. Here we 

cannot describe them in detail but refer the reader to References [15, 51, 


871. Let us mention only that obviously the basic cohesion process under 
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I the conditions of the upper atmosphere is the reaction 


Ot+Ot+e- ,  O;+Ot. (46) 

The rate constant a46 was investigated in the laboratory and was equal to 
1.5*10-30 cm6-sec-' with T = 300' K. 

The process of separation of the electron from the negative ion is 


called dissociation. Dissociation processes under the influence oi 


radiation (photodissociation) play a basic role in the-atmosPh'ere: 


and in the case of collision of a negative ion with a neutral particle:, 


rX-+ M X+ M + e .  

Photodissociation from 0- ions-was investigated in the.laboratorv [881.2 
and the value of the coefticient of photodissociation p was found to equal 
0.44 sec-l. Howeveg at the present timq,this value is acknowledged as too 
higll,and values of 0.1 - 0.2 sec-' are used for p.  According to the labora­
tory experiments of Phelps and Pack [891,process (48) has a rate constant- 0 

a48 
= 4*10-20cm3*sec-lfor 0, ions when T % 300 Kp 0

2 
molecules 

acting most effectively as the M particle. However, observations of 

the diurnal variation in absorption at the polar cap showed that 


dissociation in the nocturnal D region of the ionosphere takes place at a 


rate constant equal to 2*10-17 cm3*sec-'. Iif 0- is the basic negative ion2 
at the altitudes of the D region, then these latter two figures contradict 
one another. There are indications howeveq;that the predominant role below 
100 km is played not by 02 

but rather by another ion with a high electron 

affinity on the order of 3 - 4 eV. The nature of this ion has yet to be 
established precisely; it is assumed that it may be NO; or 0- The formation3' 
of significant concentrations of negative ions of minor impurities (such 
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as Nu2 and 03I , ,  as a r e s u l t  of d i r e c t  cohesion is only s l i g h t l y  probable. 

The most probable means of t h e i r  formation must be ion-molecular r e a c t i o n s  

of t h e  type 

Processes (49) and (51) have been inves t iga t ed  i n  t h e  l abora to ry  [90,91],; 
and high rate cons t an t s  w e r e  obtained f o r  them on t h e  order  of 10-10 - lo-ll 

cm3 sec-l . 
Loss of negat ive ions  may t ake  place a l s o  as a r e s u l t  of t h e  mutual 

n e u t r a l i z a t i o n  by p o s i t i v e  ions which happens both wi th  two-body c o l l i s i o n s  

and with t r i p l e  c o l l i s i o n s :  

The l abora to ry  i n v e s t i g a t i o n s  of t hese  processes are r a t h e r  l imi t ed  and f o r  

t h e  present  g ive  only t h e  order  of magnitude of t h e  rate constants :  

In the  presence of a s i g n i f i c a n t  amount of negat ive ions  t h e  equation of 

i on iza t ion  balance t akes  t h e  form: 
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Here amut is the  rate constant  of mutual n e u t r a l i z a t i o n  and X = [X-]/[e] is  
the  r a t i o  of t h e  concentrat ion of negat ive ions t o  the concentrat ion of elec­

trons.  The sum (a* + Xumut) = a' acts as t h e  e f f e c t i v e  c o e f f i c i e n t  of re­
combination i n  t h i s  case.  The quan t i ty  X is  t h e  most important, and a t  t h e  

same t i m e  t h e  least known parameter of the  lower ionosphere. The quest ion of 

the  a l t i t u d e  \a t ,which X is  equal t o  1 (i.e. t h e  level above which the  negat ive 

ions can be ignored i n  descr ibing the  ionospheric processes) ,  has as y e t  no t  

been answered. Theoret ical  computations of X involve d i f f i c u l t i e s  i n  iden t i ­

fying the  b a s i c  negat ive i o n  i n  t h e  D region as w e l l  as unce r t a in ty  i n  know­

ledge of the  constants  of a number of processes.  Attempts t o  estimate the  

number of negat ive ions  by comparing the  measured concentrat ions of e l e c t r o n s  

and p o s i t i v e  ions  involve problems of an experimental nature .  Comparison of 

a l l  d a t a  a v a i l a b l e  today br ings t h e  author t o  the  conclusion t h a t ' t h e  value 

of X is  equal t o  1 a t  an a l t i t u d e  of 80 - 85 km; below t h i s  l e v e l  the  negat ive 

ions  predominate over t h e  e l ec t rons .  

It should be emphasized t h a t  t h e  problem of t h e  chemistry of charged 

p a r t i c l e s  i n  t h e  lower ionosphere a t  t h e  present  t i m e  i s  i n  a confused state. 

Besides t h e  problems and con t r ad ic t ions  a s soc ia t ed  with negat ive ions  i t  is 

st i l l  necessary t o  explain t h e  l a r g e  number of ion+ bunches wi th  the  P a r t i C i ­

pa t ion  of molecules of water and hydroxyl ((H20)H , H(H20)z, H ( H 2 0 ) 4  . . .), 
r e g i s t e r e d  i n  t h e  mass-spectrometric experiments of Narc i s i  [92].  The pre­

dominant r o l e  of such ions  c o n t r a d i c t s  the  previously e x i s t i n g  concept as t o  

the  i o n i z a t i o n  mechanisms of the  D region,  according t o  which t h e  b a s i c
+ +

p o s i t i v e  ions  must be NO+, O2 and N2 ions.  

PROCESSES IWOLVING NEUTRAL PARTICLES I N  THE IONOSPHERE -I 32  

The close connection between n e u t r a l  and charged p a r t i c l e s  i n  t h e  
* 

Ear th ' s  ionosphere is presen t ly  becoming inc reas ing ly  obvious. On t h e b n n  

hand, t h e  formation and des t ruc t ion  of charged p a r t i c l e s  are d i r e c t l y  con­

nected wi th  t h e  n e u t r a l  components of t h e  atmosphere. The formation of atomic 
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and molecular ions, having completely different coefficients of recombination, 


depends at a given aTtitude first Of all On the relationship between con­


centrations of atomic and molecular particles. The effectiveness of ion-


molecular reactions, which play a very large role in the ionization-recom­


bination cycle lofthe processes, is closely connected with the concentrations 


of neutral molecules. Ionization at altitudes of 70 - 80 km is caused appar­
ently by the interaction of radiation in the Lyman - u line witn NO 
molecules. The "minor components" of the atmosphere, NO2 and O3 may play an 
important role in the formation of negative ions in the lower ionosphere. 


All this indicates that a detailed investigation is essential for the pro­


cesses which determine the behavior of the neutral components (both basic 


and "minor impurities") for a deep penetration into the chemistry of the 


charged particles in the ionosphere: dissociation of oxygen and nitrogen, 


formation of ozone, the reaction cycle involving in i t r jc  oxides, etc. ;On 

the other hand, an inverse relationship also exists between the processes 


involving neutral and charged components in the atmosphere. Thus, the forma­


tion of neutral atoms of nitrogen takes place basically as a result of ion-


molecular reactions and dissociative recombination; above approximately 180 km 


the ion-molecular reactions make a substantial contribution to the dissocia­


tion of 02, etc. 

In the present section we are of course in no position to give a detailed 


survey of the research; therefore we shall confine ourselves only to enumera­


tion of the major problems and the basic results attained. 


a. Dissociation of Oxygen, Up to altitudes on the order of 100 km, 
oxygen in the Earth's atmosphere is found basically in la molecular state, The 

concentrations of 0 atoms comprise only a fraction of a percent of the over­
all concentration of particles. Howeveq this small amount of oxygen atoms 

plays a major-role in atmospheric chemistry, by leading to a whole cycle of 
processes involving OZQne and lnitric oxides. Let us look briefly at the 

basic reactions involving 0 atoms and 03 molecules. 
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i 
Thedes t ruc t ion  (d i s soc ia t ion )  of O2 molecules under t h e  inf luence  of 

s o l a r  r a d i a t i o n  t akes  p l ace  i n  two s p e c t r a l  ranges: 

02+- hv (h<2424 A) -0 (SP)+0 (3P) 
(56) 

( the  so-called Hertzberg continuum) and 

0 2  +hv (h<1750 A)+O(sP)+0 ('D) (57) 

( t h e  Schumnn-Runge continuum ).Since t h e  c ros s  sec t ion  of r a d i a t i o n  absorp­

t i o n  by molecular oxygen i n  both continua is sharply d i f f e r e n t  ( f o r  h = 
0 02424 A i t  compriseg,for example,10-24 cm2 ; f o r  h = 1750 A, c m2), t he re  

w i l l  a l s o  be a d i f f e rence  i n  depth of pene t ra t ion  of t he  r a d i a t i o n  i n t o  t h e  

atmosphere i n  each of these  s p e c t r a l  ranges,  and consequently i n  t h e  relative 

r o l e  of t h e  Hertzberg and Schumann-Runge continua as w e l l  a t  var ious  a l t i t u d e s .  

The oxygen atoms which form as a r e s u l t  of t h e  photodissociat ion of 02 
must recombine among themselves, thus  leading t o  an  inverse  process ,  i .e. ,  

t h e  formation of oxygen molecules. Associat ion of atoms i s  poss ib le  during 

t r i p l e  c o l l i s i o n s  when t h e  energy surp lus  re leased  during formation of O2 

is removed by t h e  t h i r d  body M 

0+0+M 4  Or fJ f ,  (58 )  

and t h e  r a d i a t i v e  a s soc ia t ion  which leads  t o  r ad ia t ion  of t h e  energy su rp lus ,  

0+- 0- 0 2  +hv i ,  ( 5 9 )  /33 
Furthermore, t h e  0 atoms formed as a r e s u l t  of (56) and (57) may. in te rac t  with 

t h e  oxygen molecules following t h e  r eac t ion  

0+G + M +  Os+ M ,  ( 6 0 )  
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which leads to the formation of ozone. This latter in turn may dissociate 


under the influence of solar radiation: 


or interact with the atomic oxygen 


Processes (56) - (62) determine the distribution of concentrations of 

atomic oxygen at altitudes below 100 km. Above 100 km it is necessary to 
study the role of the vertical diffusion of atoms and molecules of oxygen 
which becomes the basic process controlling the distribution of 0 and 02 
concentrations. Furthermore, in the E and F1 regions of the ionosphere the 
formation of atomic oxygen as a result of dissociative recombination of 

+molecular 02 ions must be added to the formation of atoms as a result of 


direct photodissociation. 


The rates of processes (56) - (62) have been measured in the laboratory 
and are known with sufficient reliability. One exception only is the re­

action of radiative association (591, for which until recently no reliable 
determinations had been made of the quantity a.  At the present time, 

ionospheric evaluations show that the magnitude of OL must amount to several 
times units 10-17 cm3.sec-'[15,931. 

At altitudes less than 100 km, where processes (56) - (62).determine the 

behavior of the concentrations of atomic oxygen and ozone, the following 
equations are valid for the variation rates of 02' 0 and 03: 



Under t h e  condi t ions  of photochemical equilibrium, t h e  left-hand s i d e s  of equa­

tionls(63) - (65) are equal  t o  zero,  and from (65) w e  can f i n d  t h e  equi l ibr ium 

r a t i o  of concentrat ions 

Before w e  proceed t o  a d iscuss ion  of t h e  equi l ibr ium condi t ions  f o r  con­

cen t r a t ions  of 0 and 02' l e t  us look a t  t h e  e f f ec t iveness  of t h e  process  of 

r a d i a t i v e  a s soc ia t ion  (59) and t r i p l e  a s soc ia t ion  (58) : 

3 -1As is  clear from t h i s  r e l a t i o n s h i p ,  with a va lue  of a = c m  rsec ,59 
process  (59) becomes more e f f e c t i v e  than t h e  r eac t ion  of t r i p l e  c o l l i ­

s ions  (58) above t h e  level where [MI = 3*1016 ~ m - ~ ,i.e. above 50 km. Then /34 
i n  t h e  chemosphere we must assume r e a c t i o n  (59) t o  be t h e  bas i c  process  of 

a s soc ia t ion  of 0 i n t o  molecules. Since a n a l y s i s  of t h e  rocke t  d a t a  on t h e  

d i s t r i b u t i o n  of concent ra t ions  of 0 and O2 above 100 km l eads  t o  high va lues  

of a % 5-10-7 cm3*sec-' [93],  we s h a l l  assume t h a t  i n  t h e  chemosphere i t59 
is  t h e  r eac t ion  of r a d i a t i v e  a s soc ia t ion  (59) which predominate9,and w e  can 

compare t h e  rates of t h e  o the r  processes  of a n n i h i l a t i o n  of t h e  atomic oxy­

gen with t h e  rate of t h i s  reac t ion :  
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Comparison of t h e  rates of r a d i a t i v e  a s soc ia t ion  (59) and t r i p l e  r e a c t i o n  

(60) shows (68) t h a t  process (60) can never be ignored i n  t h e  e n t i r e  chemo­

sphere. A t  a l t i t u d e s  on the  order of 70 km, expression (68) f o r  a59 = 
cm3.sec-' becomes equal t o  1, and below t h i s  l e v e l  the rate of l o s s  of 

t h e  0 atoms according t o  r eac t ion  (60) becomes g r e a t e r  than t h e  ra te  of rad­

i a t i v e  a s soc ia t ion  (59). It is  necessary, however, t o  remember t h a t  r e a c t i o n  

(60) w i l l  a c t u a l l y  lead t o  a s soc ia t ion  of atomic oxygen i n t o  molecular only 

i f  p r a c t i c a l l y  a l l  the  ozone forming as a r e s u l t  of t h i s  r e a c t i o n  then re­

combines with t h e  atomic oxygen according t o  r e a c t i o n  (62),  thus y i e ld ing  

two 02 molecules. Since i n  an atmosphere i r r a d i a t e d  by t h e  sun t h i s  is not  

so : 

process (60) introduces a con t r ibu t ion  t o  t h e  a s s o c i a t i o n  of 0 atoms i n t o  

molecules only a f t e r  sunset.  

. Comparison of the  rates of 0 atom l o s s e s  according t o  r eac t ions  (59) and 

(62) [equation (69)]  shows t h a t . u n d e r  nocturnal  condi t ions when the  concen­

t r a t i o n s  of ozone are comparable i n  order  of magnitude t o  t h e  concentrat ions 

of atomic oxygen, t h e  rate of i n t e r a c t i o n  of O3 and 0 is higher than t h e  

r a d i a t i v e  a s soc ia t ion .  During dayl ight  hours when t h e  concentrat ions of 

ozone a t  these  a l t i t u d e s  areless.than t h e  value of [ O ] ,  r e a c t i o n  (59) pre­

dominates over r e a c t i o n  (62) above approximately 75 km. 
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Thus, the balanced conditions for 0 during the day at altitudes greater 
than 75 km are written i n  the form 

This same equation is valid, as is easy to see, also for balanced daylight 
values of [021, since we can ignore the corresponding slower terms in equation 
(63) 

During the night, when j = 0, equation (66) is transformed into the 
equation O3 

which permits us to obtain the distribution of 03 concentration with the 
known ratio of constants a60/a62. Table 14 gives an example of such a com­
putation for the value a60la62 = 2.5010-20 cm3 , obtained experimentally [94]. 
As is clear from Table 14 the nocturnal concentrations of ozone increase 
rapidly with decrease in altitude, reaching at the boundary of the chemo­
sphere (H % 60 km) values of 10l1 - 1012 cm -3. 

During daylight hours, as is clear from expression (70), the rate of 


dissociation of ozone is determined by photodissociation; therefore (66) may 


be rewritten in the form 


As is obvious from this equation, the daylight values of the O3 concentration 
depend on the concentrations of atomic oxygen. For a rough evaluation of the 
order of magnitude of the daylight concentrations of ozone let us assume 
that the quantity [O] at altitudes of 70 - 100 km is constant and equal to 
approximately 10l1 ~ m - ~ .In this case when j = sec-' and a60 = 

O3 
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I f  we compare t h i s  expression wi th  (72) w e  f i n d  t h a t  t h e  day l igh t  Concentration/35 
of ozone must be a t  least one o rde r  less than t h e  nocturnal  concentration. 

Since below 70 - 80 km t h e  values  of [ O ]  are less than t h e  assumed value of 

10" cmw3, and s i n c e  t h e  nocturnal  concentrat ions of ozone do not  depend on 

the  quan t i ty  [ O ] ,  a t  these  a l t i t u d e s  the  d i f f e rence  between t h e  day and n igh t  

concentrat ions of 03 must be g rea t e r .  However, w e  must bear i n  mind t h a t  

because of absorpt ion i n  t h e  atmosphere the  value of j 
0 w i l l  decrease with 

a l t i t u d e  and beginning from a l t i t u d e s  on t h e  order of 68 km t h i s  must be taken 

i n t o  account i n  evaluat ing t h e  balanced 03 concentrat ions during t h e  day. 

Table 14 g ives  t h e  daytime Concentrations of 03 obtained as a r e s u l t  of 

averaging the values  of [03] i n  rocket  experiments. As is obvious from 

comparing the  last two columns of t h i s  t a b l e ,  a t  a l t i t u d e s  of 100 - 80 km the  

nighttime values  of [O,] are approximately one order  higher  than the  dayl ight  

values,  j u s t  as theory predicted.  Below approximately 70 km t h e  d i f f e rence  

i n  the day and n igh t  0, concentrat ions,  f o r  the  reasons given above, i s  in­

creased s l i g h t l y .  I f  we assume t h a t  Process (59) is t h e  b a s i c  process f o r  the  

loss of 0, we can c a r r y  out  q u a n t i t a t i v e  evaluat ions of t h e  equilibrium values  

of 0 during the  day. 
WI*= io, to~l (75) 

Table 15 gives  t h e  computation f o r  the  equi l ibr ium va lues  of [0] on the  b a s i s  

of the  d i s s o c i a t i o n  rates jo , taken wi th  regard t o  the  absorpt ion of radia­

t i o n  i n  the atmosphere, and $he value "49 = c m  3* s e c-1. 
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TABLE 15 I 
. .  ~ 

H, km j
O2 

[021 'diss = [021j02 1I [O] 

I1 
... . 

70 5 10-l' 4.3 10" 
80 1.5 * 9,0.1018 
90 1.o. 10-8 1.6 io" 
100 5,9.108 2.9 IO1' 

Above 100 km t h e  p i c t u r e  changes subs t an t i a l ly .  The l ack  of s i g n i f i c a n t  

concent ra t ions  of ozone above 90 - 100 km permits  u s  t o  exclude processes  

involving 03 from our s tudy of t h e  upper atmosphere. A t  t h e  same time t h e  

increase  i n  ion iza t ion  rate of t h e  atmospheric components by u l t r a v i o l e t  

s o l a r  r a d i a t i o n  l eads  t o  t h e  appearance of a new source of d i s s o c i a t i o n  of 

molecular oxygen, i.e. t h e  d i s s o c i a t i v e  recombination of 0' 2 ions  which may 

be found t o  be comparable i n  i n t e n s i t y  t o  t h e  decay rate of 02 molecules as 

a r e s u l t  of photodissociat ion.  On t h e  o the r  hand,the d i f f u s i o n  rate, which 

inc reases  wi th  a l t i t u d e ,  poses t h e  quest ion concerning t h e  m a x i m a l  a l t i t u d e  

above which i t  is no longer  poss ib l e  t o  assume s a t i s f a c t i o n  of t h e  condi t ions  

of photochemical e q u i l i b r i w , a n d  i t  is necessary t o  s tudy t h e  d i f fus ion  

equi l ibr ium. 

The ques t ion  as t o  t h e  a l t i t u d e  a t  which t h e  r a t e s  of t h e  photochemical 

and d i f f u s i o n  processes  wi th  p a r t i c i p a t i o n  of 0 and O2 become comparable 

has  been repea ted ly  discussed i n  the  l i t e r a t u r e .  Nicole t  and Mange [95] ,  

assuming t h a t  t h e  bas i c  mechanism of a s soc ia t ion  of 0 atoms i n t o  t h e  O2 

molecule i s  t h e  r e a c t i o n  of t r i p l e  c o l l i s i o n s  (58), concluded t h a t  d i f f u s i o n  

p lays  t h e  predominant r o l e  beginning from t h e  level H = 100 km. A t  t he  present  

t i m e ,  as shown above, t h e r e  is a b a s i s  f o r  assuming t h e  b a s i c  mechanism of 
* 

oxygen atom loss t o  be  r e a c t i o n  (59) wi th  a ra te  cons tan t  on t h e  order  of 

cm3' sec -1. I n  t h i s  case t h e  rates of t h e  photochemical and d i f f u s i o n  

processes  become comparable a t  somewhat g rea t e r  a l t i t u d e s  than found by 

Nicole t  and Mange [95] .  According t o  B.A. Mirtov [93], t h e  level where t h e  

I ;  




rates of both processes become equal l i e s  a t  a n  a l t i t u d e  on t h e  order  of 140 km. 
The evaluat ions of the  author  [15] give a somewhat smaller value: H = 120 ­
125 km. I n  any case the re  is no doubt t h a t  a t  least  above 140 - 150 km t h e  

concentrat ion d i s t r i b u t i o n  of both atomic and molecular oxygen i s  con t ro l l ed  

by the processes of v e r t i c a l  d i f f u s i o n  and obeys barometric l a w .  

Now l e t  us look a t  t h e  r o l e  of the  processes involving charged p a r t i c l e s  

i n  t h e  d i s s o c i a t i o n  of molecular oxygen. The r e a c t i o n  of t h e  d i s s o c i a t i v e  

recombination of 0+ ions:2 

j u s t  as the  d i s s o c i a t i o n  i n  t h e  Schumann-Runge continuum l e a d s  t o  t h e  forma­

t i o n  of two 0 atoms i n  states 3P and 'D. The d a t a  a v a i l a b l e  at t h e  present  
t i m e  permit us t o  d i r e c t l y  evaluate  t h e  rate of process (76) a t  t h e  a l t i t u d e s  

under study i n  the ionosphere; however, f o r  purposes of c l a r i t y  i t  is b e t t e r  

t o  estimate the  d i s s o c i a t i o n  of molecular oxygen due t o  ionospheric pro­

cesses i n  t h e  following manner. Process (76) compensates, under equi l ibr ium 

condi t ions,  t h e  formation of 0+ ions which t akes  p l ace  as a r e s u l t  of the
2 

d i r e c t  i on iza t ion  of O2 molecules: 

and as a r e s u l t  of ion-molecular r eac t ion  (19). The o v e r a l l  ra te  of formation 
+

of 02, equal to  the  loss ra te  of t hese  ions according t o  r e a c t i o n  (76) and 

correspondingly to  the  ra te  of formation of 0 due t o  ionospheric pro­

cesses ,  thus comprises. 

+The quan t i ty  (I + [ O  I a19), which is t h e  f a c t o r  preceding [02] ,  may be 
O2 
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TABLE 16 


120 


assumed as the effective coefficient of dissociation of molecular oxygen due 
i 

t o  the ion reactions j . 
O2 

Table 16 gives the values of ji , computed on the basis of experimental
O2data on the ionization rate of various components of the atmosphere, cited 

by Hinteregger et al. in [22]. 


The coefficients of direct photodissociation of molecular oxygen j ,
O2obtained in this same work [22], are given for comparison. As follows 

from the table, at altitudes below 140 km the ion reactions make a small 
contribution to the overall dissociation rate of molecular oxygen. At 
higher altitudes however the conversion of O2 molecules into atoms takes 
place with identical intensity both as a result of direct photodissocia­
tion and as a result of ion reactions. 

-__ - ..- -of .­b. Dissociation Nitrogen and the Processes Involving iVitric Oxides 


The problem of dissociation of molecular nitrogen in the upper atmosphere 


is immeasurably more complex than the analogous problem for 02. Back in the 


1930's Chapman gave a basically correct picture of the conversion from 


molecular oxygen to atomic oxygen at altitudes near 100 km, although the 


question of the formation and loss of atomic nitrogen in the upper atmosphere 


has been explained somewhat only in the past few years. 
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Until fairly recent times the very existence of atomic nitrogen in the 


atmosphere was under serious doubt. Howeversat the present time there does 


exist definite proof of the existence of N atoms in the upper layers of the 


atmosphere. Involved in this proof is the observation of radiation from 

0 0 0

emissions of atomic nitrogen (for example, 5200 A, 3466 A and 101.,400A) in 
the spectra of the nocturnal sky and the aurora, detection of N+ ions in 
mass-spectrometric experiments, radiation observed from nitric oxide dur­
ing rocket launches and that which takes place as a result of the interaction 
of NO and N, and other experimental facts. 

Although we can no longer doubt the existence of significant concen­


trations of atomic nitrogen in the upper atmosphere, we are virtually ignor­


ant of the precise amounts of the concentrations and their distribution with 


altitude. The mass-spectrometric and optical research presently available 


on the neutral corupvsithmof the atmosphere permit us only to obtain the 


upper limit of the amount of N in the range from 100 to 200 km: [N] 2 lo7 ­
108 cm-3 . The theoretical computations available in the past involved 
considerable uncertainty slnce many faccors that were necessary for determining 

the magnimar of [N] were unmowi and sometimes strongly contradicted one 
another. The existence of contradictory computations for the magnitudes 
of [N] can be explained by the fact that for a long period of time no uni­
fied viewpoint existed as to the role of the various processes involved in 
the formation and l o s s  of atomic njtrogen in the upper atmosphere. 

A t  the present time it is generally accepted that direct dissociation of 
the N molecule under the influence 4 solar radiation2 

is only a slightly effective process (jN 2 sec-’), and the basic 
source for the formation of N atoms in tie upper atmosphere involves the 
processes of dissociative recombination of NO+ and N+ ions and ion­2 
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molecular reaction (18). Thus, the overall rate of formation of N atoms 
due to the ion reactions may be written in the form 

Since Processes (4) and (18) in the major part of the ionosphere are in ­/ 38 
equilibrium, V4 = V18 is valid. We can therefore rewrite (80) in the form 

The relative role of the two recombination terms in the right-hand side of 
(81) may be different at different levels in the atmosphere. Thus, at+altitudes on the order of 300 km, where the N2 concentration is only slightly 
less than the NO+ concentrations, the rate of formation of N according to 
reaction ( 6 )  may be of the same order or even greater than according to

+reaction (4) .  At the same time in the range 100 - 200 km, where [N2] < 

IOm2 [NO+1, the 'formation of N as a result of the dissociative.recombination+of N2 ions can be ignored. With these computations it is assumed that the 


ratio of the constants a* /UNO+ is equal to approxbately 10. 

N2 


In an oxygen-nitrogen mixture, which comprises the Earth's atmosphere, 


an interaction between the oxygen and nitrogen particles must of necessity 


take place, thus leading to the formation of "mixed" products, i.e., various 


nitrogen oxides. These latter in turn by possessing a high chemical activity 


will lead to the entire cycle of reactions with atomic and molecular oxygen, 


atomic nitrogen, etc. This entire group of such processes is often called 


the chemistry of the nitrogen-oxygen atmosphere. 


Molecular nitrogen, as we know, is an inert gas and combines very poorly 

D 


even with oxygen. Thereforedthe effective formation of oxygen-nitrogen 


compounds and the further development of the reaction cycle involving nitric 


oxides is possible only in those regions ot the atmosphere where atomlc 




nitrogen exists that is significantly more active than the N2' In the 
atmosphere above approximately 50 - 60 km, pronounced concentrations of nitro­

gen atoms exist produced by the dissociation of N2 as a result of the 
various ion reactions. Thus, above 50 - 60 km in the Earth's atmosphere, 
the processes of formation of nitric oxides begin to actively function and 
as a result the rapid processes involving these oxides as well. The atmos­
pheric range from 50 - 60 km up to approximately 160 km (above this level 
diffusion begins to predominate over the chemical processes), where the 

basic processes of the oxygen-nitrogen cycle also take place as well as the 
ozone-oxygen reactions and reactions of hydrogen compounds, is often 

called the "chemosphere". 

The reactions which take place in a nitrogen-oxygen mixture and which 


lead to the formation and annihilation of the nitric oxides, are the basic 


mechanism for loss of nitrogen atoms in the atmosphere since the radiative 


association 


N +N NI +h*, 

similar tc reaction ( 5 9 ) ,  has a very low effectiveness (a82 2 cm3*- . 
see I). Without stopping for a detailed analysis of the entire nitrogen-

oxygen reaction cycle and its effectiveness (we refer the reader to the 

survey papers [15 ,  9611, let us look first only at the major processes in­
volved in the loss of atomic nitrogen. These are: 

N + O s + N O +  0, 

N +NO -C Ns +0, 

N + 0 a - t  NO +0,. 

However, since in the major part of the ionosphere the ozone concentrations 


are small, process (85) makes little contribution to the N losq,andthe 




conditions of photochemical equilibrium for N are written in the form 

* .  

2 [ e ]  ("io [NOf] +2N1 [ N i l )  2[ N l  1 0 2 1  a83 + [N][NO]ag4. (86) 
The author's computations made using this equation for [N] led in [15] to the 
value. [N] 106 cm -3 for H = 100 - 160 km. This value of [N] is lower 

/39than the limit of sensitivity of the apparatus in the optical mass-spectro- ­
metric investigations of the composition, which give a figure of [N] 107 ­
108 ~ m - ~ ~ a n dtherefore does not contradict the experimental data. 


The presence of nitrogen atoms in the atmosphere, as noted above, pro­


duces the formation of nitric oxide as a result of a series of reactions, 


the major ones of which are (83) and (85). 


The nitric oxide molecules forming as a result of processes (83) and 


(85) will actively participate in reactions with 03 molecules and with atoms 
of nitrogen and oxygen: NO +OS--j NOz +02, 

(87) 

NO +0 +M - +  NOz+M,  (88) 

The NO2 molecules forming as a result of'reactions(87) - (89) will in 
turn react with the atomic oxygen and atomic nitrogen: 

O + N O z - ! + N O + O z ,  (90) 

N + N O z + N O + N O ,  

--t N20 f 0, 

4 Nz +20. 

In the lower part of the chemosphere where ozone exists, the dissociation of 
NO2 will also take place as a result of the reaction 

The rate constants of the processes given above have been studied quite 


well in the laboratory (see 115, 961). Knowledge of the rates of the 
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processes permits us to study their role at various levels in the atmosphere 


and to obtain equilibrium equations for the concentrations of nitric 


oxides. 


The equations for photochemical equilibrium for [NO2] lead to the 


following relationship between the concentrations of NO and NO2: 


Above approximately 90 km the second term in the numerator of (93) can be 
ignored because of the smallness of the magnitude of [ O  33, and the ratio 
[NO2]/[NO] becomes independent of [O] and equal to a89/a90 % Below 
approltimately 70 km the formation of NO2 is determined basically by process 
(87);; therefore [N02]/[NO] depends on the ratio [03]/[0] and must vary 
strongly from day to night. 

Study of the equilibrium conditions for [NO] leads to the equation: 


where INO and jNO are the coefficients of ionization and dissociation of the 
NO molecule, respectively. At altitudes above approximately 85 km where [N] 
exceeds 105 cm-3 , Process,(84) becomes the basic mechanism of NO loss, and 
equation (93) is transformed into the expression 

which indicates that [NO] comprises a small fraction of the O2 concentration, 


which depends only on temperature. 
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d The question of the mechanisms which determine the concentrations of1
1' nitric oxide in the atmosphere however can never be ultimately resolved. 

In the recent optical experiments of Barth [97], NO concentrations were 
found at an altitude of 90 km comprising 4-107 CUI'~ which exceeds the values /40 
of [NO] given by expression (5) by approximately two orders. Because of the 
great significance of nitric oxide for investigating ionization in the 
lower ionosphere, this question requires the most careful investigation. 
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AMBIPOLAR DIFFUSION OF ELECTRON-ION GAS AND STRATIFICATION 
OF THE F REGION OF THE IONOSPH,EXW 

V. M. Polyakov 

The t r a n s f e r  of charged p a r t i c l e s  by d i f f u s i o n  and 
d r i f t  is one of the  most important physical  processes i n  
the  ionosphere. The t r a n s f e r  processes are ebpec ia l ly  
important i n  t h e  F region where t h e  f r e e  pa th  of charged 
p a r t i c l e s  and t h e i r  l i f e t i m e  r a p i d l y  inc rease  as t R e  a l t i ­
tude increases .  

The vertical d i s t r i b u t i o n  of e l e c t r o n  concentrat ion 
determined by t h e  e f f e c t  of the  inc iden t  d i f f u s i o n  f l u x  
is very  similar t o  t h a t  of Chapman's l a y e r  as f a r  as i ts  
shape i s  concerned. 

The sources  responsible  f o r  t h e  d i f f u s i o n  f l u x  are 
ionization-recombination processes.  

Due t o  t h e  e f f e c t  of the  i n t e n s i v e  sources of 
e lectron-ionic  gas,  t h e  l e v e l  of photochemical e q u i l i ­
brium and zero d i f f u s i o n  is  located lower than the  
maximum of the  layer .

I n  the  F region of the  ionosphere, two levels e x i s t  
near which a maximum i n  e l e c t r o n  dens i ty  may form. I f  
t hese  two l e v e l s  are c l o s e  t o  each o t h e r ,  then only the  
F2 l a y e r  i s  observed, as happens i n  winter  a t  middle 
l a t i t u d e s .  I n  summer,\when the maximum ion  production 
drops down as the  zen i th  d i s t ance  of t h e  sun decreases ,  
F1 and F2 l a y e r s  can be observed as sepa ra t e  layers .  

This a r t i c l e  examines the  behavior of the  F region of t h e  ionosphere 

under the  inf luence of t h r e e  competing processes:  i o n i z a t i o n ,  n e u t r a l i z a t i o n  

and d i f f u s i o n  of electron-ion gas.  The r e l a t i v e  r o l e  of t hese  processes 

d i f f e r s  a t  d i f f e r e n t  l e v e l s  of the  F region. Even now w e  can speak with 

confidence about t h e  predominance of d i f f u s i o n  i n  t h e  upper ionosphere (above 

t h e  maximum of t h e  F2 l a y e r ) ,  whereas the  e l e c t r o n  balance i n  the  lower p a r t  

(at the  level of t h e  F1 l a y e r )  is determined b a s i c a l l y  by the  ionizat ion-

recombination processes.  In  t h e  middle p a r t ,  a t  t h e  level of the  F2 .layer,, 
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the time constants of the ionization-recombination processes and diffusion 


are found to be of the same order. This fact does not allow us to differen­


tiate between the effectaassociated with variation of electron concentration 


due to diffusion and those associated with the ionization-recombination 


processes. Therefore, near the maximum of the F2 layer, the balance of the 


number of electrons is described by an equation which allows for a l l  three 

of these factors. This equation is usually written in the form 


where N is the electron concentration; q is the intensity of ion formation; 
L is the rate of neutralization; and v is the rate of the ordered transfer 
of the electron-ion gas due to diffusion. 

For the ionosphere which is uniform in the horizontal direction, we can 


examine only the vertical transfersi 
therefore div (Nv) = ai(Nv)/ah, where 

h is the altitude calculated in a linear scale from the earth’s surface. 


An expression for the vertical rate of diffusion of the electron-ion 


gas contained in the planetary atmosphere (in the central field of gravity) 


in the presence of a conetant magnetic field, was obtained by Ferraro in 


Reference [l] and then discussed in detail in 121. This expression has the 


form 


D 6” 
v =- (ah+2)sin2 I ,  

where D is the coefficient of ambipolar diffusion; Hi =I 2kT/mig is the al­

titude of the uniform atmosphere for the electron-ion gas and I is the mag­

netic inclination. If the concentration of neutral gas varies according to 
the law 

n 
dh 

n =no exP( - z).I (3)
ho 
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the coefficient of diffusion then varies with altitude according to the 


formula 


The altitude of the uniform atmosphere for the neutral gas Hm, just as 
for Hi, may also vary with altitude. It is useful to introduce into computa­
tion the ratio 6 = Hm/Hiwhich, as shown in Reference [31, varies with alti­
tude very little and may be considered constant with an accuracy that is 
sufficient for further computations. 

If we introduce the dimensionless coordinate 


we can write iequation (2) in the form 

D 2Nwhere d a - p n 2I and N' = -.a; 
*m 


devera1 investigations are known in which equation (1) has been solved 
for the simplest models of the ionosphere under stationary conditions [ 4  - 61 
and which take account of time variations [7 ,8 ] .  These investigations 
show that the results are very sensitive to the values of the parameters 
which determine the rates of ionization, recombination and diffusion. All 
these solutions have been obtained in the form of series computed by numeri­
cal integration. D 

From the results obtained in such form, it is difficult to establish 


the common rules determining the structure of the diffusion flux and con­
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sequently to evaluate the role of diffusion in the formation of the F2 layer 


maximum. In this respect it is useful to study the simple stationary condi­


tions in the hydrodynamic aspect in which the ionization-recombination pro­


cesses are assumed to be sources of the diffusion flux. Several useful results 


may be obtained by studying diffusion in the region without sources, and the 


effects for weak sources of diffusion flux [3,9]. 


VERTICAL DISTRIBUTION OF ELECTRON-ION GAS IN T�JX 
REGION "OUT SOURCES [3] 

In this case zquation (1) takes the form 


where P = Nv is the density of the diffusion flux which for the sake of 
brevity we shall call simply'diffusion in the following discussion. Equation 

(7) with allowance for ( 6 )  is equivalent to the equation 

and its solution with 6 = const will have the form 

The constants C1 and C2 may be determined from the boundary conditions. 

With z = 0, if we assume N = 0,we obtain' 

c1= 7 c,. , 

The expression for the diffusion flux P from (6) may be written in the /44' 
form 
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From (7) it follows that, in the absence of sources, under stationary 

conditions the diffusion flux must be constant. One of the particular values 
satisfying (71, 

leads to the equation 


In this case the solution to ( 8 )  assumes a simple form: 

which corresponds to the altitude distribution of the electron-ion gas on 


the assumption of hydrostatic equilibrium. 


The solution to equation ( 8 )  is of special interest when P = const # 0 .  

Such a distribution will be called quasiequilibrium. It takes place in the 
ionosphere under the influence of a diffusion flux that is constant in magni­
tude and directed downward (if IN"( < 6 N ) .  The solution in this case may be 

written in the form 

We can show that for any value of C1 # 0 ,  distribution (11) has a maximum at 
z = zm' In fact, from the condition 

we find that 




Since the maximal value is 

-8zm -Ny=CI(e - e  'm), 

then (11) can be written in the form 


N =  Nmq(z), 

where 


It is easy to see that $(z) = 0 when z = 0 and has a maximum when z = 

zm' and when z > zm it decreases monotonically. From (12) and bearing in mind 

that $(z,) = +(zm) = 1,we find 

If we substitute the respective values of C /N from (15) into (14), we1 m  
find ultimately for +(z) the expression 

or 


The altitude of the maximum is determined from equation(15), whence it 


follows that 


and zm is figured from the level z = 0. 
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The form of t h e  a l t i t u d e  d i s t r i b u t i o n ,  described by equat ion (16), is 

shown on Figure 1. It is clear from t h e  f i g u r e  t h a t  t h i s  d i s t r i b u t i o n  i n  

the  upper p a r t  i s  near  a simple exponent with t h e  index (-6z), t h a t  i t  has  

a maximum and t h a t  below t h i s  maximum i t  drops r ap id ly ,  vanishing when z = 0. 

Here it is  usefu l  t o  mention t h e  following. I n  t h e  present  ca se  of a magni­

tude-constant d i f f u s i o n  f l u x ,  from equation (8) which can be conveniently 

r ewr i t t en  i n  t h e  form 

we can exclude t h e  sources  and d ra ins  of t h e  d i f fus ion  f lux .  Therefore 

when z < 0 t h e  quan t i ty  $ ( z )  assumes negat ive  va lues ,  which follows inescap­

ably  from the  equat ion of cont inui ty .  The region i n  which +(z) 0 corre­

sponds t o  the  e f f l u x  of e lectron-ion gas. 

The condi t ions  described by equations (9) and (18) are r ea l i zed  prac­

t i c a l l y  nowhere i n  t h e  ionosphere s ince  the  ionization-recombination processes  

e x e r t  an inf luence  t h e r e  cons tan t ly .  However these  r e s u l t s  show t h a t  under t h e  

inf luence of pure d i f f u s i o n  i n  t h e  g r a v i t y  f i e l d ,  t h e  ver t ical  d i s t r i b u t i o n  

of t h e  gas  may t ake  t h e  form of (17),  which has  a c l e a r l y  expressed maximum. 

For t h e  formation of such a d i s t r i b u t i o n  w e  must have a d i f f u s i o n  cur ren t  

t h a t  i s  d i r ec t ed  downward which, as we s h a l l  see la ter  on, agrees  f u l l y  wi th  

t h e  ionospheric condi t ions.  

W e  can show t h a t  t h e  d i s t r i b u t i o n ,  s i m i l a r  t o  t h e  Chapman d i s t r i b u t i o n ,  

w i l l  be  near  t h e  nondivergent d i s t r i b u t i o n  descr ibed by Formula (16) [3]  f o r  

several va lues  of t h e  parameters y and H. 

I n  f a c t ,  i n  t h e  upper p a r t  .of t h e  l a y e r  f o r  s u f f i c i e n t l y  l a r g e  va lues  
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, Figure 1. Comparison of t h e  
V e r t i c a l  D i s t r i b u t i o n  @(h) f o r  
Various 6 with Chapman D i s t r i ­
but ion (Broken Line).  

A t  t h e  maximum of t h e  l a y e r ,  

of z and h/H formulas (16) and (19) are 

c lose  t o  s imple exponents. 

I f  w e  equate  t h e  i n d i c e s  of t h e s e  

exponents we f i n d  t h e  approximate re­

l a t i o n s h i p  f o r  t h e  upper p a r t  of t h e  

F2 layer :  

hb z = . i F ,  

and consequently: 

H r H,. 

equation (18) takes the form 

and equat ion (19) w i l l  be  t h e  s o l u t i o n  t o  t h i s  equat ion when y = 6 and 


H = Hm, which can be proved simply by d i r e c t  s u b s t i t u t i o n .  Consequently, 


t h e  Chapman d i s t r i b u t i o n ,  descr ibed by formula (19), i s  near  d i f f u s i o n  


equi l ibr ium when y = 6 and H = H i n  t h e  e n t i r e  upper p a r t ,  including ­
m /46 
t h e  l a y e r  maximum. 

For i l l u s t r a t i o n ,  Figure 1 shows comparison of t h e  d i s t r i b u t i o n  descr ib­

ed by formulas (16) and (19). The curves # ( z )  are shown computed from 

formula (16) f o r  t h r e e  va lues  of 6. The broken curve wa's p l o t t e d  from 

formula (19) when y/6 = 1 and 6 = 0.4. It is clear from t h e  graph t h a t  t h e  

broken curve i s  very near  t h e  s o l i d  one near  t h e  maximum i n  t h e  upper p a r t  

of t h e  l a y e r  a l s o .  Pronounced divergences are observed only i n  t h e  lower 

p a r t  when z < -1, i .e. ,  where t h e  d i f f u s i o n  ceases t o  be cont ro l led  by t h e  

s p a t i a l  d i s t r i b u t i o n  of t h e  electron-ion gas  and where comparison of formulas 

(16) and (19) is of no i n t e r e s t .  
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STATIONARY DISTRIBUTION UNDER THE WEAK 
INFLUENCE OF SOURCES [ 9 ]  

The v e r t i c a l  d i s t r i b u t i o n  of the e l e c t r o n  concentration, which is 
determined by t h e  j o i n t  e f f e c t  of d i f f u s i o n  and ionizat ion- recombination 
processes , w i l l  be described by t h e  equation 

IN"+(&+i)N'+(TN=,  i [ L ( N , z ) - p ( z ) J .  

In  equation (21),  L is a funct ion of N. I f  t h i s  funct ion is l i n e a r ,  

then (21) is reduced t o  the  Bessel equation and its so lu t ion ,  wi th  t h e  assign­

ment of parameters which determine t h e  rates of i on iza t ion ,  n e u t r a l i z a t i o n  

and d i f f u s i o n ,  may be obtained by numerical i n t eg ra t ion  (see. f o r  example, 

[4, 61). The s o l u t i o n  t o  (29) [ s i c ]  has not been a n a l y t i c a l l y  s tudied f o r  a 

more complex dependence. 

L e t  u s  look a t  t h e  approximate so lu t ion  t o  equation (21) f o r  t h e  case 

when t h e  i n t e n s i t y  of t h e  d i f f u s i o n  f l u x  sources is low. Under these  condi­

t i o n s  the  funct ion +(z) w i l l  be only s l i g h t l y  d i s t o r t e d  and i n  t h e  region 

under study w i l l  have, as previously,  one maximum. Then equation (21),  on 

the  b a s i s  of (13),  can be rewri t ten:  

where K ( Z )  i s  t h e  form-factor which determines the i n t e n s i t y  of t h e  sources. 

The form-factor K i s  a l s o  a funct ion of +. However f o r  weak sources  t h i s  

dependence can be ignored. Then, i f  w e  assume K ( Z )  t o  be a known funct ion 

of the  coordinate  z and i f  we ignore the  dependence of K o n ' + ,  we can write 

the  s o l u t i o n  t r  equation (21) i n  the  form, 
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Let us assume, as previously, the lower boundary equation to be (p = 0 
when z = 0. Let us add the condition that K(Z)  = 0 when z 5 0. To avoid 
complicating computation of the integration constants, let us take the lower 
bound\c = -03. Then when z 5 0 the values of the integrals in the brackets 
vanish and as before 

c1= -Cr, 

whence 


Let us 1ook.onlyat the weak deviations from photochemical equilibrium /47 
which apparently are fully allowable for the F region of the ionosphere. In 

this case distribution (24) differs very little from the distribution which 
is established when K ( Z )  = 0. If the vertical distribution $(z) when z > 0 

is a slowly varying function having a maximum when z = zm' then at the maxi­

mum 


and 


Conditionally h(25) gives 
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L e t  us introduce the def in i t ions  

' ,. .  . . . ,' ' ,  

x (2 )  eZdz =A (zm); . ( z )  Czdz =A ( 2 ) :  

-W --oo 
I .  . .  y x( I )  e8Vz =B (Zm) ;' s ' x  ( 2 )  P Z d Z  =B (2) .­

-m . --oo 

From (26) i t  follows that 

whence 

From (29) we find the equation 

which determines the coordinate of the maximum of the z layer for a m 
given function ~ ( 2 ) .  

After substituting the respective value of the constzant 5 1 from (29) 
i n t o  solution ( 2 4 ) ,  w e  get  
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and 

z 
A (2) -A (2.") =$ ' x(2) 8 dx, 

zm . . '  
* .  . , . . .  

w e  can write t h e  s o l u t i o n  i n  the  form ­1-48 

The last terms i n  formula\(31) are determined by t h e  form of func t ion  

~ ( 2 ) .  Generalized concepts as t o  t h e  cha rac t e r  of t h i s  func t ion  can be 

obtained from t h e  a l t i t u d e  v a r i a t i o n  i n  t h e  rate of ion  formation q(z) and 

n e u t r a l i z a t i o n  L(z) .  W e  know t h a t  above t h e  maximum of ion  formation, L(z)  

drops more r ap id ly  than q(z).  Therefore two cases are possible:  e i t h e r  in 
the  e n t i r e  region under study q(z) > L(z)  o r  i n  t h i s  region t h e r e  is  a l e v e l  

where q = L. I n  t h e  f i r s t  case t h e  s t a t i o n a r y  state is poss ib l e  only under 

t h e  condition t h a t  t h e  ion iza t ion  surplus  is  con t inua l ly  being removed due 

t o  d i f f u s i o n  downward and t h e  m a x i "  of t h e  e l e c t r o n  concentrat ion must be 

c rea t ed  near t h e  maximum of ion formation. 

I n  the second case t h e r e  exists a l e v e l  a t  t h e  a l t i t u d e  z
0 

where q = L 

and (2,) = 0. L e t  us c a l l  t h i s  l e v e l  t h e  level of photochemical equilibrium. 

In  t h i s  case K(Z) w i l l  be a slowly varying func t ion  t h a t  is negat ive when 
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Figure 2. Graph of t h e  Function 
T(U), Computed by Bowhill. The 
Broken Line Shows t h e  Conditions 
of Photochemical Equilibrium. 

photochemical equi l ibr ium. 

z > z0, p o s i t i v e  when z < z0 and w i l l  

van ish  when z = z 0' Let  us  t ake  ad­

vantage of t h i s  proper ty  of t h e  func­

t i o n  K(Z)  i n  ' solving (31). A t  t h e  m a x i ­

mum +(z) ,  t h e  va lues  of t h e  func t ion  + 
and its d e r i v a t i v e  +',determined from 

formulas (16) and (31) coincia=. 

When z = zo t h e  va lues  of +" w i l l  a l s o  

coinicide.  Thus, at t h e  poin t  zo 

both equations (18) and (22) hemselves 

and t h e i r  so lu t ions  (16) and (31) w i l l  

a l s o  coincide.  Hence it follows 

t h a t  t h e  maxima of t h e  e l e c t r o n  con­

cen t r a t ion  are found near  t h e  level of 

Bowhill [6] found t h e  s o l u t i o n  t o  equat ion (1) f o r  s t a t i o n a r y  condi t ions.  

H e  chose f a i r l y  p l a u s i b l e  va lues  f o r  t h e  rate of t h e  ionization-recom­

b ina t ion  processes  and f o r  d i f fus ion .  The r e s u l t  of t h e  computations is  

shown on Figure 2. The va lues  of t h e  func t ions  T(U) are p l o t t e d  along t h e  

ho r i zon ta l  a x i s  and t h e  logari thm of t h e  dimensionless coord ina te  U(1og U) 

is p l o t t e d  along t h e  v e r t i c a l .  The s o l i d  curve T(U) changes i n t o  a broken 

curve i n  t h e  upper p a r t ,  represent ing  pure d i f fus ion .  The broken l i n e  shows 

t h e  pos i t i on  of t h e  photochemical equi l ibr ium l e v e l  when d i f f u s i o n  can be 

ignored. This l i n e  ( t h e  condi t ion  q = L) l i e s  above t h e  curve T(U), i n t e r ­

sec t ing  it  near  t h e  max imum,  bu t  somewhat below it .  This  r e s u l t  i n d i c a t e s  

t h a t  with s u f f i c i e n t l y  in t ense  sources  t h e  level of photochemical equ i l i ­

brium lies s l i g h t l y  below t h e  maximum of t h e  l aye r .  Computations show t h a t  

t h e  d i s t ance  between these  levels inc reases  with increase  i n  source i n t e n s i t y .  

Consequently, t h e  e f f e c t  of t h e  sources  i n  a real  daytime ionosphere 

l e a d s  t o  su rp lus  ion iza t ion  i n  t h e  upper p a r t  of the F2 l aye r ,  which produces 

t h e  phenomenon of d i f f u s i o n  f lux .  This  f l u x  t r a n s p o r t s  t h e  su rp lus  ioniza- /49 
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tion from the upper part of the layer to the lower in such a manner that near 


the maximum of the layer the divergence ofithe flux changes sign and is there­


fore equal to zero. 


NONSTATIONARY MODEL OF THE F2 LAYER 

Under nonstationary conditions the equation of continuity for the electron 


gas can be written in the form 


+where the concentration of molecular ions [M ] is determined by the equation 
[lo]: 

Solution to the system of equations (32) and (33) requires knowledge of 
3 -1the kinetic coefficients c1 and y (dimensionality - cm *sec ), qo(cm-3) and 

structural parameters of the atmosphere Hm = Hm(h) [MI = f(h). Since these 
coefficients are unknown even in order of magnitude and since the solution 


is very sensitive t o  their values, there then remains the means of selecting 
. these coefficients by one of the methods of trial-and-error. Since we do 

not have available a solution to this system in analytical form, the method 


of trial-and-error may give a sensible result only in the case where a rational 


method is found for obtaining a first approximation with a high degree of 


accuracy. 


The method used is based on the fact that the kinetic coefficients are 


determined in this approximation for the layer maximum without allowing for 


diffusion. 


It was shown earlier that with a weak effect from the sources of the 


diffusion flux the maximum of the diffusion layer (F2 layer) is found near 


the level of photochemical equilibrium. It is clear that the nearer the 
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maximum of t h e  l a y e r  i s  t o  t h e  l e v e l  of photochemical equi l ibr ium t h e  less t h e  
d i f f u s i o n  w i l l  a f f e c t  e l e c t r o n  concentrat ion a t  the  l a y e r  maximum. A t  t h e  
l i m i t ,  when t h e  max imum coincides  with t h e  level of photochemical equi l ibr ium, 

t h e  dlivergence i n  t h e  d i f f u s i o n  f l u x  a t  t h e  l a y e r  maximum w i l l  be  equal  t o  

zero. 

During t h e  win ter  a t  middle l a t i t u d e s  when t h e  a l t i t u d e  of t h e  sun over 

t h e  horizon is low, t h e  max imum of t h e  F2 l aye r jmus t  be near  t h e  level of 

photochemical equi l ibr ium, Therefore we can assume t h a t  v a r i a t i o n s  i n  elec­

t r o n  concent ra t ion  during t h e  day i n  winter  a r e  d i s t o r t e d  least  by t h e  e f f e c t  

of d i f f u s i o n  and t h a t  these  v a r i a t i o n s  may be used f o r  determining t h e  k i n e t i c  

coe f f i c i en t s .  

Under t h e  presumed assumption equat ion (32) i s  s impl i f ied  and can be 

w r i t t e n  i n  t h e  form 

where % is t h e  rate of formation a t  t h e  l aye r  maximum. 

Equations (33) and (34) w e r e  modeled and inves t iga ted  on an analog 

e l e c t r o n i c  computer (MN-7). The parameters a, y and % were chosen so 

t h a t  t h e  pe r iod ic  so lu t ion  N(t)  coincided bes t  with t h e  observed va lues  of 

e l e c t r o n  concent ra t ion  i n  t h e  e n t i r e  time i n t e r v a l  being s tudied .  For t h i s  

w e  used t h e  d iu rna l  v a r i a t i o n s  i n  e l ec t ron  concentrat ion a t  the  maximum of 

t h e  F2 l a y e r  obtained from ionospheric  measurements. 

Reference [ lo ]  descr ibes  i n  d e t a i l  t h e  technique used i n  determining t h e  

c o e f f i c i e n t s  and t h e  models used and t h e  methods f o r  computing t h e  func t ion  

, ( t ) .  Var ia t ions  i n  t h e  atmospheric parameters w e r e  computed according t o  &I 
[12]. The va lues  of a, y and q found i n  t h i s  manner were used f o r  f u r t h e r  

m 
computations. The complete system of equat ions (32) and (33) w a s  solved by 

a numerical method on a d i g i t a l  e l e c t r o n i c  computer. A t  t h e  f i r s t  s t a g e  of 
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the computations we assumed several simplifications. The atmospheric para­

meters in this operation were assumed to be constant for a period of twenty-
four hours and were selected for the index of radio emission S = 250 and 

1000 hours local time. A Chapman-type function &$h, t) was taken in the form 

where we used the values of the zenith angle Xi for December at the latitude 


of Irkutsk ( X b  are noon values). The altitude of the maximum of ion forma­


tion is equal to 280 km. In the computations we took the following values: 


Do = 4.6 109 cm2 see-1 y = 4 10 cm3 sec-1 

a = 1.1, ' lo-' cm31sec-1 ; qo = 540 - 700 sec-1 

We studied especially the question as to the influence of the boundary 

conditions on the solution near the maximum of the layer. The lower boundary 
conditions were the values N = 0 at an altitude of 100 km over the surface of 
the Earth. The upper boundary condition was given at an altitude of 700 km. 
In the first series of computations this value was chosen as constant and 

equal to 105 cm-3 . In the second series of computations the values of N 
varied as shown in Reference [Ill according to the measurement data on the 
satellite "Alouette" for latitudes of 40 - 490 in October - December 1962. 
With respect to the fact that the conditions of maximal solar activity were 
modeled with the index of radio emission S = 250, and the data pertain to 
the index S = 70 - 100, the values of N then were increased by three times. 

The computation results were obtained in the form of a sequence of 


solutions with diurnal periodicity at various levels in the space coordinate 


h. 	 The values N(h, t); (M+) = f(h, t); q(h, t); L(h, t) and the value of 
diffusion a(Nv)/ah = $(h,t) were introduced into the recording at hourly 
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Pigure 3.+ Diurnal  Var ia t ions  i n  
N and [M ] a t  t h e  Maximum of V e r ­
t i ca l  Dis t r ibu t ion .  The Broken 
Line Shows t h e  Values of N a t  
I rku t sk  i n  December 1968. 
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Figure 4. P r o f i l e s  of t h e  Vqrtical  
D i s t r ibu t ion  of N(h) and [M 3 = f ( h )  
f o r  0100, 0700, 1400 and 1700 Hours 
Local Time. 

i n t e r v a l s  f o r  t h e  21s t  and 41s t  va lues  of t h e  a l t i t u d e  coordinate  h. Several  

r e s u l t s  of t h e  computations are shown below. 

Figure.  3 shows t h e  d iu rna l  v a r i a t i o n s  i n  e l ec t ron  concent ra t ion  and con­

cen t r a t ion  of molecular i ons  a t  t h e  maximum of the  vertical  d i s t r i b u t i o n  with 

v a r i a b l e  upper boundary condi t ions.  

Figure 4 shows t h e  p r o f i l e s  of t h e  vertical  d i s t r i b u t i o n  N(h) and [M+3 = 

f ( h )  f o r  0100, 0700, 1400 and 1700 hours l o c a l  t i m e  f o r  v a r i a b l e  boundary 

condi t ions.  

Figure 5 shows t h e  v a r i a t i o n s  i n  a l t i t u d e  of t h e  maxima of t h e  e l ec t ron  

and molecular ion  concentrat ion f o r  v a r i a b l e  boundary condi t ions.  

From comparison of t he  r e s u l t s  obtained f o r  constant  and v a r i a b l e  boun­

dary condi t ions  i t  fol lows t h a t  t h e  va lues  of N a t  t h e  m a x i m u m  during day­

l i g h t  hours depend weakly on the.boundary condi t ions.  A pronounced d i f f e r ­

ence i s  observed i n  t h e  second ha l f  of t h e  n ight  and i n  t h e  pre-morning hours. 

Figure 6 shows t h e  v a r i a t i o n s  i n  t h e  magnitude of t h e  d i f fus ion  f l u x  
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f?igure 5. A l t i t ude  Var ia t ion  i n  150 1@19 58 -+ 50 10 
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u l a r  Ion Concentration. 

Figure 6 .  Value of t h e  Magnitude 
of Diffusion @ (h) . 

along t h e  ver t ical  under v a r i a b l e  boundary condi t ions.  I n  a l l  cases i t  is  

clear t h a t  t he  d i f fus ion  has l a r g e  nega t ive  va lues  above t h e  maximum, 

high p o s i t i v e  values  below i t  and changes s ign  near  t h e  m a x i m u m ,  passing 

through zero. 

It is  c h a r a c t e r i s t i c  t h a t  an in t ense  i n f l u x  of e lectron-ion gas  is 

observed a t  levels on t h e  order  of ( 1  - 2) Hm below t h e  l a y e r  maximum. The 

maximum concentrat ion of molecular ions  lies nea r  t h i s  level and ensures  

a high rate of e l ec t ron  recombination. Consequently t h e  surp lus  concent ra t ion  

of e lectron-ion gas  i n  t h e  upper p a r t  of t h e  l a y e r  "dips" downward and rapid­

l y  disappears  by recombination. It is  s i g n i f i c a n t  t o  mention t h a t  t h e  recom- /51+
b ina t ion  rate i n  t h i s  region,  which depends on t h e  concentrat ion of M , is  

cont ro l led  by t h e  i n f l u x  of e lectrons,and the  maximum cf t h e  e l ec t ron  con­

cen t r a t ion  i s  au tomat ica l ly  es tab l i shed  a t  an a l t i t u d e  with t h e  corresponding 

va lue  of t he  molecular component of t h e  n e u t r a l  atmosphere. 

Figure 3 shows a l s o  ( the  broken l i n e )  t h e  observed va lues  of N a t  t h e  

maximum of t h e  F2 l a y e r  i n  December 1958 i n  I rkutsk .  As is  clear, t h e  curves 

d i f f e r  only i n  t h e  morning and evening hours. This d i f f e rence  i s  explained 

by t h e  f a c t  t h a t  t h e  Chapman func t ion  of ion  formation i s  used i n  t h e  com­

pu ta t ions  and t h i s  becomes non-zero almost an hour la ter  and vanishes  earlier 
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Figure 7. Vertical Distribution o$ 
the Concentration Of and 
Molecular Ions Without Allowing-

for Diffusion. 


than the more precise function which 


allows for diurnal variations in den­


sity of the neutral atmosphere and for 


the sphericity of the Earth. 


We especially studied the solution 


of the system of equations (32) and 


(33) without a diffusion term. In 


this case the altitude of the layer 


maximum and the values of the electron 


concentration at the maximum were 


measured throughout the entire time of the solution (in the present case two 
twenty-four hour periods) in such a manner that we were unable to obtain 
periodic stationary values of N and the altitude of the layer maximum. Figure 
7 shows the vertical distribution N(h) and [M+] = t(h) for noon of the second 
day. This result shows the impossibility of forming a layer maximum, similar /52 
to that observed without diffusion of the electron-ion gas. 

At the next stage we solved system (32) and (33) for the F region with 
varying atmospheric parameters taken from [12] for S = 250 and with various 

boundary conditions for h = 700 km. For this solution the space lattice was 

uniform with an interval of 20 km. 

The function of ion formation $(h, t) was computed with regard to the 
sphericity of the Earth for levels 200, 300, 400, 500, 600, 700 km; qo was 
given at noon at an altitude of 300 km. In the intermediate levels the rate 

of ion formation was found by linear interpolation. 

In the first solution we assumed zero initial conditions in the entire 


region under study. The problem was solved up to finding a periodic station­


ary solution. In using the model of the neutral atmosphere [12] and the 


above-mentioned parameters the values of the electron concentration were 
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Figure 8. Diurnal Variations in Electron Concentration at the Layer 

Maximum, Layer Altitude and Level of Zero Diffusion and Photochemical 

Equilibrium. 


The Solid Curve Shows the Results of Computations, The Broken Curve 
Shows the Observed Values in December 1958 in Irkutsk; 1. Level of 
Zero Diffusion; 2. Level of Photochemical Equilibrium. 

established for the first six hours after the ionization function becomes 


effective. In subsequent solutions the initial conditions were taken from 


the results of the previous ones. 


Figure 8a gives the results of solving the system of equations when 


qi = 540 with the upper boundary conditions taken from [ll] and in­
creased by two times for all hours. The solid curves are the results 

of the solution and the broken curves are those of the observed values. In 
the upper part of the figure curve 1 shows the variable altitudes of the 
level of zero diffusion and curve 2 shows the variation in the level of 
photochemical equilibrium. The lower part shows the diurnal variations in 

electron concentration at the maximum. 
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Figure 8b shows t h e  r e s u l t s  of the  so lu t ion  f o r  t h e  case when qo = 

630 cmm3 and t h e  boundary condi t ions i n  comparison wi th  Figure 8a increased 

by two times. From comparison of Figure 8a and 8b i t  is c l e a r  t h a t  t h e  

inc rease  i n  boundary condi t ions by two times barely changes t h e  e l e c t r o n  

concentration a t  t h e  maximum d M n g  t h e  day. L e t  us mention t h a t  

t h e  so lu t ion ,  when q0 = 540 cm-3 and boundary condi t ions corresponding t o  

t h e  case of Figure 8b l eads  t o  noon values  of N near those observed. If we 

compare t h e  nighttime values  of t h e  e l e c t r o n  concentrat ion on Figure 8a and 

8 b w e  see t h a t  they d i f f e r  from one another by approximately two times. It 

is a l s o  apparent t h a t  during t h e  n igh t  t h e  a l t i t u d e  of the  maximum observed 

i s  g r e a t e r  than t h a t  computed. I n  connection with t h i s  w e  made computations 

f o r  t h e  atmospheric model i n  which the  parameters var ied during t h e  day 

according t o  [12] and during t h e  n igh t  remained constant  f o r  values  corres­

ponding t o  1700 hours l o c a l  mean t i m e  of t h e  model i n  [12]. The r e s u l t s  f o r  

t h i s  case are shown by the  curve on Figure 8b (c rosses) .  

To v e r i f y  t h e  inf luence of t h e  upper boundary condi t ions w e  a d d i t i o n a l l y  

obtained so lu t ions  f o r  boundary condi t ions of N increased by 10 t i m e s  i n  

comparison wi th  those used i n  [ l l ]  and a l s o  f o r  t h e  case when the f l u x  P a t  

the  upper boundary is equal t o  zero. From the  da t a  obtained i t  follows t h a t  

t h e  value of t h e  e l e c t r o n  Concentration a t  the  l aye r  maximum during the  n igh t  

i s  con t ro l l ed  by the  boundary condi t ions,  whereas during t h e  day the  sources 

of t h e  d i f f u s i o n  f l u x  are found b a s i c a l l y  below t h e  upper boundary (700 km). 

W e  a l s o  found t h a t  t h e  change i n  e l e c t r o n  concentrat ion a t  the  maximum l a g s  

behind t h e  corresponding v a r i a t i o n s  a t  the  upper boundary by approximately 

1.5 - 2 hours. 

The behavior of the  l e v e l  of zero d i f f u s i o n  i s  of i n t e r e s t ,  i .e. the  

l e v e l  where \a(h) = 0 (curve 1, e i g u r e  8). During t h e  day the  l e v e l  of t h e  

zero d i f f u s i o n  is found t o  be 20 - 40 km below the  maximum of the  e l e c t r o n  

concentrat ion bu t  during the morning and evening hours i t  coincides  with t h e  

l a y e r  maximum o r  is above it. During t h e  night  t he re  is d i f f u s i o n  f l u x  

:on a l l  l e v e l s .  
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The altitude of the level of photochemical equilibrium q = L during the 
day undergoes large variations. It is obvious from Figure 8 (curve 2) that 
sometimes conditions are created under which the level of photochemical equili­
brium ceases to exist. At all altitudes of the region studied in this case, 
q L. When the ionization function is excluded, the level of the 
photochemical equilibrium travels upward and during the night, naturally,, 

disappears. From comparison of the curves it is apparent that the level of 
photochemical equilibrium leads to a drift of the layer maximum. Only at the 
moment of time when dN/dt = 0 does the level of photochemical equilibrium 
coincide with the level of zero diffusion and is found to be approximately 
20 km below the layer maximum. 

FORMATION CONDITIONS OF THE F2 LAYER 


The altitude profile of the F2 layer is formed under the influence of 


electron-ion gas diffusion. The diffusion flux at all levels of the layer is 


directed upwards front below. The sources of this flux are the regions which 


lie above the layer maximum. Investigations of the divergence of the diffu­


sion flux show that the region of the efflux, where the diffusion flux dis­


appears, is the region lying at 1 - 2 times the altitude of the uniform atmoQi-/54 
phere below the layer maximum. Near the maximum of the equilibrium layer the 

divergence of the diffusion flux changes sign and therefore is near zero. 


Thus, the diffusion continuously transports the electron-ion gas from the 


upper part of the layer to the lower. 


Under the influence of photoionization and recombination in the illu­


minated part of the day a tendency constantly exists to an increase in the 


electron concentration above the layer maximum. This tendency leads to a 


constant deviation of the altitude distribution of the electron concentration 


from the equilibrium value and continuously supports the existence of diffusion1 


flux. Thus, in the altitude profile of the F2 layer we must distinguish 


two regions. In the first we have the upper part of the layer including the 
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maximum of e l e c t r o n  dens i ty  as w e l l .  The second c o n t a h s  t h e  lower p a r t  of 

t h e  l a y e r  and is found i n  t h e  a l t i t u d e  range of ( 1  - 2)H below t h e  l aye rm 
maximum. 

In  t h e  f i r s t  reg ion  w e  f i n d  t h e  sources  of t h e  d i f f u s i o n  f lux .  Relative­

l y  high va lues  of t h e  c o e f f i c i e n t  of d i f f u s i o n  lead  t o  a s p a t i a l  d i s t r i b u  

t i o n  of t h e  e l e c t r o n  concent ra t ion  i n  t h i s  region which devia tes  very l i t t l e  from 

t h e  state of d i f f u s i o n  equi l ibr ium. Therefore i n  a q u i e t  ionosphere t h e r e  

are no in t ense  l o c a l  sources  of t h e  d i f fus ion  f l u x  and t h i s  f l u x  is formed i n  

a wide a l t i t u d e  range above the maximum of t h e  layer ;  each level in t roduces  

a given con t r ibu t ion  t o  t h e  c r e a t i o n  of t h i s  f lux .  

The s i t u a t i o n  i n  t h e  lower p a r t  of t h e  l aye r  is  d i f f e r e n t .  H e r e  i n  a 
s m a l l  a l t i t u d e  range t h e  d i f f u s i o n  f l u x  p r a c t i c a l l y  ceases t o  exist. This 

region i s  a r e s e r v o i r  t o  which t h e  surp lus  ion iza t ion  d ra ins  from the  upper 

p a r t  of t h e  l aye r .  Under s t a t i o n a r y  condi t ions  a dynamic equi l ibr ium i s  

e s t ab l i shed  which guarantees  t h e  ex is tence  of a cons tan t  d i f fus ion  f lux .  The 

l a y e r  maximum i s  formed near  t h e  level of photochemical equi l ibr ium where 

q = L. The a l t i t u d e  of t h i s  level varies during dayl ight  and 
t h e  a l t i t u a e  of t h e  J?2 l a y e r  max imum a h 0  Varies correspondingly.  

The lllcrease i n  q causes  a lowering of t h i s  l e v e l ,  and a decrease i n  q 

causes i t  t o  be  r a i s e d ,  This  f e a t u r e  appears d i s t i n c t l y  i n  t h e  behavior of 

t h e  F2 l a y e r  both during r egu la r  v a r i a t i o n s  i n  t h e  q u i e t  ionosphere and 

during ionospheric  per turba t ions .  m increase  i n  the  a l t i t u d e  of t h e  l a y e r  

max imum i s  usua l ly  a s soc ia t ed  wi th  a decrease i n  e l ec t ron  concentratiorh 

and v i c e  versa. 

I f  t h e r e  w e r e  no electron-ion gas" inc rease  would be  observed 

f o r  t h e  g r e a t e r  p a r t  of t h e  day i n  the  e l ec t ron  concentrat ion wi th  a 

simultaneous inc rease  i n  t h e  a l t i t u d e  of t h e  l a y e r  maximum. A s i m i l a r  p i c t u r e ,  

i n  somewhat d i s t o r t e d  form, is  observed near  t he  magnetic equator.  I n  t h e  

hypothe t ica l  case described, an inc rease  i n  t h e  a l t i t u d e  of t h e  l a y e r  m a x i ­

mum must be accompanied by an  inc rease  i n  e l ec t ron  concentrat ion.  Usually 
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t h i s  decrease i n  e l e c t r o n  concentrat ion,  observed a t  t h e  middle l a t i t u d e s  

wi th  an inc rease  i n  t h e  a l t i t u d e  of t h e  l a y e r  maximum and vice ve r sa ,  is an 

i n d i c a t i o n  of t h e  d i f f u s i o n  mechanisu i n  formation of t h e  l a y e r  maximum. 

Elevation of t h e  d i f f u s i o n  l a y e r  i s  produced by a predominance of 

n e u t r a l i z a t i o n  over photoionizat ion near its maximum s i n c e  t h e  rate of 

n e u t r a l i z a t i o n  drops wi th  a l t i t u d e  more r a p i d l y  thaq does t h e  rate of photo-

ion iza t ion .  Under these  condi t ions the  lower p a r t  of t h e  l a y e r  is  disrupted,  

producing t h e  e f f e c t  of moving t h e  maximum upward. H e r e  t h e  e l e c t r o n  concen­

t r a t i o n  i n  the  l a y e r  maximum must unavoidably be decreased, which i n  f a c t  is 

observed. 

The opposi te  p i c t u r e  must e x i s t  when t h e  l a y e r  is  lowered. Here photo-

i o n i z a t i o n  predominates over recombination a t  t h e  l a y e r  maximum. The devia­

t i o n  from d i f f u s i o n  equi l ibr ium above t h e  l a y e r  maximum is  increased as is  

t h e  d i f f u s i o n  i n f l u x ,  and the  e l e c t r o n  concentrat ion maximum is  lowered. 

Since i n  t h i s  case t h e  i n f l u x  of e l e c t r o n s  inc reases  t h e  concentrat ion a t  

t h e  lower l e v e l s ,  t h e  lowering of the a l t i t u d e  of rhe l a y e r  maximum is  

accompanied by an inc rease  i n  concentration. 

L e t  us go on t o  descr ibe seve ra l  d e t a i l s  of t h e  d i u r n a l  v a r i a t i o n s  i n  ­/ 5 5  
e l e c t r o n  concentrat ion a t  t h e  maximum of t h e  F2 l a y e r  i n  t h e  middle l a t i t u d e s .  

During t h e  winter  and equinox seasons'when ion iz ing  r a d i a t i o n  becomes 
e f f e c t i v e ,  the number of molecular ions a t  the  l e v e l s  under study is s m a l l .  

The atomic oxygen ions  which appear as a r e s u l t  of photoionizat ion recombine 

slowly. Some t i m e  i s  required i n  order  f o r  t hese  ions  t o  be converted i n t o  

molecular ions as a r e s u l t  of ion-molecular r eac t ions ,  

The constant  of t h i s  process is T = lly [MI. This va lue  grows r a p i d l y  

wi th  a l t i t u d e .  I f  we assume y = 4°10-13 cm3.sec-l, and [MI a t  t h e  F2 l a y e r  

maximum is  on t h e  order  of 5 -108 c m  -3 , then a t  t h i s  l e v e l  T S 1 - 1.5 hours,\ 

and at  an a l t i t u d e  o r  Hm above the  maximum 'I already amounts t o  s e v e r a l  hours. 
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Therefore at the level of the maximum a rapid growth takes place in the elec­
tron concentration. This growth leads to an accumulation of electron concen­
tration especially since during the morning the maximum of ion formation may 
also be found above the layer maximum for some time. The rapid increase in 
electron concentration at the upper levels sharply disturbs the stationary 
diffusion equilibrium at the end of the night and produces an acceleration 
of the diffusion flux which transports the election-ion gas to the lower 
levels. It was mentioned above that in winter shortly after sunrise on the 
surface of the Earth, the level of the layer maximum drops by 30 - 40 km 
below the stable diurnal level and then slowly approaches this level near 
noon. 

In the morning the value of y[M+] assumes the least value, on the order 
of 10-5-sec-1 , The quantity K(z)-d, which determines the magnitude of the 
diffusion, may also be of the same order or even greater during this time. 
Therefore during the early morning hours diffusion may fully compensate for 
recombination or even predominate over it. As a result the effective co­
efficient of recombination,which describes the total effect of neutralization 
and diffusion, is found to be in the morning hours of winter not only near 
zero but sometimes even negative, thus indicating the predominance of diffu­
sion over neutralization. 

A gradual approach to more or less stationary conditions then takes 


place. The maximum of the F2 layer occupies a stable position, which is 


determined by the dynamic equilibrium between ionization-recombination 


processes and diffusion. Further variatlori in electron concentration 


is controlled by photoionization and recombination. 


At the moment of sunset when the maximum of ion formation shifts 


to the upper levels, it is again possible to have an increase in the diffu­


sion flux which is accelerated by rapid cooling of electrons in spite of 


the masking effect of recombination processes. This effect may be 


detected if we examine the evening drop in electron concentration at a 
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constant  level near t h e  level of t h e  m a x i m a l  concent ra t ion  during day l igh t  

hours.  On a l l  curves of t h i s  type t h e  e l e c t r o n  concent ra t ion  from t h e  t i m e  

when ioniz ing  r a d i a t i o n  becomes e f f e c t i v e  and extending over  a per iod  of 

several hours drops almost l i n e a r l y  r a t h e r  than exponent ia l ly  as would be  

expected. This  type of dec l ine  i n d i c a t e s  an i n f l u x  of e lec t ron- ion  gas t o  t h e  

levels under study. This i n f l u x  gradual ly  weakens and then t h e  l i n e a r  drop 

changes t o  an exponent ia l  one. 

I n  t h e  evening fol lowing sunse t  t h e  F2 l a y e r  f o r  a per iod  of several 

hours maintains  i t s  a l t i t u d e  i n  s p i t e  of i n t e n s e  n e u t r a l i z a t i o n .  The 

rap id  cool ing of e l ec t rons ,  as shown i n  Reference 1131, produces a d i s rup t ion  

i n  t h e  d i f fus ion  equilibrium. 

The in t ense  d i f f u s i o n  i n h i b i t s  any inc rease  i n  a l t i t u d e  of t h e  l a y e r  

during t h e  f i r s t  hours  fol lowing ces sa t ion  of photoionizat ion.  This  i nc rease  

begins somewhat l a te r  and cont inues during t h e  f i r s t  ha l f  of t h e  n igh t  u n t i l  

n e u t r a l i z a t i o n  a t  t h e  level of t h e  l a y e r  maximum no longer  predominates over 

d i f fus ion .  Usually i n  t h e  middle l a t i t u d e s  t h i s  sets i n  a f t e r  midnight. 

In t h e  f i r s t  ha l f  of t h e  n igh t  when recombination predominates over  d i f fus ion ,  

t h e  l a y e r  maximum is  elevated.  This  e l eva t ion  usua l ly  ends by 0000 - 0200 ­/56 


hours l o c a l  t i m e  when equi l ibr ium sets i n  between recombination and d i f fus ion .  

By t h i s  t i m e  t h e  decrease i n  e l ec t ron  concent ra t ion  a t  t h e  l a y e r  maximum is 

a l s o  usua l ly  ended. After a c e r t a i n  "plateau" on t h e  v a r i a t i o n  curve of t h e  

max imum a l t i t u d e ,  under t h e  e f f e c t  of d i f fus ion ,  t h e  l a y e r  begins  t o  be 

lowered and t h i s  lowering cont inues u n t i l  sunr i se .  

Throughout t h e  e n t i r e  n ight  t h e  e l e c t r o n  concent ra t ion  a t  t h e  maximum is 

maintained by d i f f u s i o n  of t h e  electron-ion gas from upper regions of t he  

ionosphere and t h e  protonosphere which are r e s e r v o i r s  t h a t  hold t h e  observed 

concentrat ions i n  t h e  l a y e r  maximum. This is confirmed by t h e  d i u r n a l  var­

i a t i o n s  i n  e l ec t ron  concentrat ion observed a t  a l t i t u d e s  on t h e  order  of 600 ­
1000 km. For example, a t  an a l t i t u d e  of 800 km t h e  e l ec t ron  concentrat ion is 

decreased approximately by two t i m e s  af ter  5 - 6 hours [ll]. A t  t hese  a l t i ­
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tudes only radiative recombination should exert any influence with a rate 


coefficient of a2 = cm3*sec-'. With such a low rate of recombination\, 
about 103 hours are required for these variations in electron concentration. 

From these evaluations it is clear that an efflux of charged particles must 


take place from the upper ionosphere to the lower levels. During the night 


a gradual decrease takes place in the recombination rate that is associated 


with the decrease in electron concentration of molecular ions. With a stable 


diffusion flux, there will be a reduction in the level at which the influx due 

to diffusion is compensated for by neutralization. 


Similar conditions are observed during the second half of the winter night 


at the middle latitudes when the layer drops slowly with an almost constant 


electron concentration at the maximum. The neutralization is compensated by 


the diffusion influx of electrons from the upper part of the layer. 


Study of the kinetics of recombination processes shows that the value 


of the coefficient 6 (with linear approximation of the recombination term) 


undergoes a strong change during the course of the day, the mean values and 


the amplitude of the variations depending on the concentration of molecular 


components of the neutral gas. This property of the recombination term helps 


to explain several characteristics of the observed pattern of diurnal 


variations in electron density at the F2 layer maximum. The effect of this 


mechanism involves the fact that the shape and the amplitude of the variation 


in electron concentration during daylight hours depend on two factors: on 


the initial value of the concentration of molecular ions in the atmos­


phere (until the moment of sunrise) and on the concentration of the molecular 


component of the neutral gas. The initial conditions affect the rate 


of the morning increase in electron concentration, while the Concentration 


of molecular gases determines the amplitude (noon) values of the recombina­


tion coefficient. 


The recombination rate during the morning hours is determined by the 


residual concentration of molecular ions which is maintained at the level to 
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which the layer maximum descends by sunrise under the effect of diffusion. 


Since the maximum electron density at middle and low latitudes is at the lowest 


altitude, in the morning hours, we are dealing with a level 


which lies considerably below the altitude of the maxi” of the nocturnal 


layer. From the data on the N(h)-profile we know that the electron concen­


tration (and consequently the concentration of molecular ions as well) at 
this level is found to be very low by the end of the night, and its values 
will depend on the duration of the nighttime hours. Therefore the initial 
morning values of the recombination coefficient f3 depend, in addition to 

other causes, also on the duration of the night. 


The described picture is valid also during the equinox seasons with a 


slightly slower morning increase in electron concentration. 


Summer conditions are characterized by a high concentration of molec­
ular ions during the entire twenty-four hour period. This explains the slow 

growth in electron concentration in the morning and the small variations -I 57  

during the course of the day. In summer the maximum of ion formation drops 


at noon considerably below the layer maximum. Above the F2 layer maximum in 


summer the atmosphere is irradiated by the sun for the greater part of the 


day and at higher latitudes throughout the entire twenty-four hour period. 


Therefore in summer an intense diffusion flux exists continuously and tiAe 


value of the diffusion at the maximum is a negative one. The basic mass of 


electron-ion gas which makes up the F2 layer is neutralized below the maximum, 


where the recombination rate is significantly higher. Where during the winter 
such conditions exist for a few hours around noon, in summer the 
steady state predominates for the greater part of the day. The lack 
of experimental data on the differences in composition of the summer and the 
winter atmosphere precludes any quantitative evaluations at the 

present time. However the factors given above are sufficient t o  

explain two characteristic features of-thesummer picture, low 
values of electron concentration at the maximum of the F2 layer and 
small variations during the course of a day. 
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CONCLUSIONS 


1. A vertical  d i s t r i b u t i o n  of t h e  electron-ion gas  concentrat ion i s  

es tab l i shed  i n  t h e  atmosphere under t h e  inf luence  of t h e  c e n t r a l  f i e l d  of 

g rav i ty  wi th  a s t a t i o n a r y  d i f f u s i o n  f lux .  This d i s t r i b u t i o n  has  one maximum 

t h a t  is s i m i l a r  i n  form t o  t h e  simple Chapman l a y e r  and i s  s t a b l e  under 

s teady-s ta te  condi t ions.  

This  s teady s ta te  is  d is turbed  by ionization-recombination processes.  

When t h e  inf luence  of  t h e  electron-ion gas sources is  weak, t h e  maximum of 

t h e  s t a t i o n a r y  d i s t r i b u t i o n  tends  t o  the  level of photochemical equi l ibr ium, 

where q = L. 

Under these  condi t ions  t h e  divergence of t h e  d i f f u s i o n  f l u x  i s  negat ive 
above t h e  maximum and p o s i t i v e  belnw t h e  maximum; i t  changes s ign  

near  t h e  l aye r  maximum, passing tlirough zero ( the  region of zero d i f fus ion ) .  

The d i f fus ion  t r anspor t s  t h e  surp lus  concentrat ion from t h e  upper p a r t  of t h e  

l a y e r  t o  t h e  lower, exe r t ing  no pronounced inf luence  on t h e  o v e r a l l  balance 

of e lectron-ion gas  near  t h e  l a y e r  maximum. 

2. Under t h e  inf luence  of in tense  electron-ion gas sources the  

l e v e l  of photochemical equi l ibr ium and zero d i f fus ion  i s  found below the  

l aye r  maximum. I n  t h i s  case t h e  d i f fus ion  a t  t h e  l a y e r  maximum i s  negat ive.  

The e f f l u x  of e l ec t rons  from t h e  l a y e r  maximum is propor t iona l  t o  t h e  

e l e c t r o n  concentrat ion.  The c o e f f i c i e n t  of p ropor t iona l i t y  (form-factor of 

t h e  l aye r )  depends on the  i n t e n s i t y  of t h e  ionization-recombination pro­

cesses. 

3. In t h e  F region of t h e  ionosphere mere e x i s t  two levels near  

which e l ec t ron  dens i ty  m a x i m a  can form. The upper level coincides  with 

the  l e v e l  of pnotochemical equi l ibr ium. Near t h i s  level a b a s i c  (main) 

maximum of t h e  e l e c t r o n  dens i ty  is formed - the  F2 l a y e r .  This maximum 

is  formed i n  the  inc iden t  f l u x  of electron-ion gas and is  maintained by 
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sources  loca ted  above the  maximum. A lower max imum,  i d e n t i f i a b l e  w i t h  t n e  

F1 l aye r ,  is found nea r  t h e  g r e a t e s t  i n t e n s i t y  of  ion  formation and there­

f o r e  its behavior i s  similar t o  t h a t  of a simple l aye r .  I f  these  two 

levels are c lose ,  a s i n g l e  l a y e r ,  t h e  F2 l a y e r ,  is observed, as happens 

during t h e  win te r  a t  middle l a t i t u d e s .  I n  summer, when t h e  maximum of ion  

formation descends wi th  a decrease i n  t h e  s o l a r  zen i th  d i s t ance ,  t h e  F2 
and F1 l a y e r s  are observed sepa ra t e ly .  

94 




REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8 .  

9. 

10. 


11. 

12. 

13. 

Fer raro ,  V. C. A. T e r r .  Magn. Atm. Electr., No. 50, 1945, p. 215. 


Ferraro,  V. C. A. J. Atm. T e r r .  Phys., No. 26, 1964, p. 913. 


Polyadov, V. M. Geomagnetizm i aeronomiya, No. 6, 1966, p. 341. 


Yonezawa, T. J. Atm. T e r r .  Phys., No. 15, 1959, p. 89. 


Rishbeth, H. and D. W. Barron. J. Atm. T e r r .  Phys., No. 18, 1960, p. 234. 

p. 234. 

Bowhill, S. A. J. Atm. T e r r .  Phys., No. 24, 1962, p. 503. 

Ferraro,  V. C. A. and N. N. Ozdogan. J. Atm. T e r r .  Phys., No. 12,  1958, 
p. 140. 

Gliddon, J. E. and P. C. Kendall. J. Atm.  T e r r .  Phys., No. 24, 1962, 
p. lQ73. 

Polyakov, V. M. Sb. Ionosfernyye iss ledovaniya,  (Col lect ion:  Ionos­
pher ic  Researchl,) No. 161, Nauka Press ,  No. 16, 1966. 

Polyakov, V. M. and T. B. Shchukina. Geomagnetizm i aeronomiya, Vol. 6, 
No. 5 ,  1966. 

Bauer, S. J. and L. J. B l u m l e .  J. Geophys. R e s . ,  No. 17, 1964, p. 3613. 

Harris, J. and W. P r i s t e r .  Theore t ica l  Models f o r  t h e  Solaroyde 
Var ia t ion  of t h e  Upper Atmosphere, Greenbelt ,  Md., NASA Goddard 
Space F l i g h t  Center,  Theor. Division, N. Y., N. Y.  I n s t .  Space 
Studies ,  1962. 

Evans, J. W. J. Geophys. Res . ,  Vol. 70, No. 5, 1965, p. 1175. 

95 



AERONOMIC PROBLEMS ARISING IN THE INTERPRETATION OF ELECTRON 
DENSITY PROFILES I N  THE F REGION 

J. Taubenheim 

I n  t h e  F region t h e  balance equation f o r  e l e c t r o n  
dens i ty ,  including i o n i z a t i o n ,  e l e c t r o n  l o s s e s  and t rans­
f e r  of charged p a r t i c l e s ,  is mainly dependent on t h e  balance 
of p o s i t i v e  ions of atomic oxygen which are produced by 
photoionizat ion,  and are converted t o  OrTand NO'+'by the 
charge exchange occurring before  recombination. An ex­
planat ion is  given f o r  t h e  meaning of i n d i v i d u a l  terms 
of t h % s  equation. Experimental l abo ra to ry  and ionos­
phe r i c  i nves t iga t ions  g i v e  q u a n t i t a t i v e  estimates f o r  
i o n i z a t i o n  and e l e c t r o n  l o s s e s .  I f  t hese  d a t a  are i n t r o ­
duced i n t o  the balance equation and compared t o  t h e  pro­
f i l e s  of t h e  e l e c t r o n  densi ty  found by means of ionos­
phe r i c  sjounding at  middle l a t i t u d e s ,  then considerable 
vertical movements of t h e  ionospheric plasma i n  t h e  F 
region m u s t  be assumed. These v e r t i c a l  movements vary 
during t h e  day and e s p e c i a l l y  during a s o l a r  e c l i p s e .  
Diffusion alone i s  not s u f f i c i e n t  t o  explain these  
phenomena. 

The purpose of t h e  theory i s  t o  physical ly  explain not  only t h e  indivi- /59 
dual p rope r t i e s  of e l e c t r o n  dens i ty  i n  t h e  F region, but  i t s  behavior as a 

whole. It is very complicated t o  i n t e r p r e t  t h e  c r i t i c a l  f requencies  of the  

F2 l a y e r  s i n c e  the  formation of t h e  e l e c t r o n  concentrat ion maximum depends 

on the i n t e r a c t i o n  of many f a c t o r s  and t h e  a l t i t u d e  of t h i s  maximum is not 

constant.  Therefore i t  i s  d i f f i c u l t  t o  properly eva lua te  the var ia­

t i o n s  i n  aerodynamic conditions a t  the  maximum of t h e  F region. It is more 

convenient t o  f i r s t  examine the  v a r i a t i o n s  i n  e l e c t r o n  dens i ty  a t  a constant 

a l t i t u d e .  Then explaining the  behavior of the  l a y e r  maximum is  only a 

secondary s tep .  . 

L e t  u s  look a t  t h e  problem of the  t h e o r e t i c a l  i n t e r p r e t a t i o n  of t h e  

e l ec t ron  dens i ty  p r o f i l e s  i n  t h e  lower p a r t  of t h e  F region obtained by 
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analyzing ionograms. A t  t h e  present  time t h e r e  are already a number of 


v e r t i c a l  p r o f i l e s  f o r  t h e  e l e c t r o n  density.  For dayl ight  hours these  pro­


fi les represent  da t a  f o r  f h e  range of a l t i t u d e s  from approximately 160 t o  250 lan. 

The aeronomic condi t ions i n  t h i s  range s e e m  t o  be e spec ia l ly  complex. L e t  


us d i scuss  s e v e r a l  of t h e  problems which i n  my opinion have dec i s ive  s i g n i f i ­ 


cance f o r  i n t e r p r e t i n g  the  p r o f i l e s  of e l e c t r o n  densi ty .  


The bases of t h e  F region theory have a l r eady  been discussed i n  d e t a i l  

i n  t h e  art icles of A. D. Danilov and V. M. Polyakov") as w e l l  as in t h e  

l e c t u r e s  of G. S. Ivanov-Kholodnyy given at t h e  I n t e r n a t i o n a l  Summer 

School of Physics of t h e  Upper Ionosphere (Sochi, 1966). Here it  is shown 

t h a t  t h e  g r e a t e s t  problems are concerned wi th  determining t h e  values  of the  

c o e f f i c i e n t s  of chemical r e a c t i o n s  i n  t h e  ionosphere and wi th  explaining how 

g r e a t  is t h e  inf luence of t h e  processes of e l e c t r o n  t r anspor t .  I f  w e  con­

s i d e r  only d i f f u s i o n  as t h e  t r anspor t  process,  then the  observed v a r i a t i o n s  

i n  e l ec t ron  dens i ty  can be explained only by s e l e c t i n g  those values  f o r  t h e  

c o e f f i c i e n t s  of t h e  r eac t ions  which are s i g n i f i c a n t l y  smaller than the  labora­

t o r y  data .  On the  o the r  hand, i f  we wish t o  u t i l i z e  the  laboratory d a t a ,  w e  

must assume a strong v e r t i c a l  t r anspor t  which can never be explained by 

d i f f u s i o n  [l- 31. 

The F region theory is usua l ly  v e r i f i e d  by computing t h e  t h e o r e t i c a l  pro-, 

f i les  of t h e  e l e c t r o n  densi ty  by solving t h e  equation of balance and com? 

paring t h e  r e s u l t s  with t h e  experimental da t a  on v a r i a t i o n s  i n  the  e l e c t r o n  

densi ty .  W e  s h a l l  proceed along a d i f f e r e n t  path,  i .e. we s h a l l  consider 

both aeronomic and experimental da t a  i n  t h e  equation of balance i n  order  t o  

determine where the  con t r ad ic t ions  between theory and experimental da t a  

appear.  

_ - ~--

('I See t h e  present  c o l l e c t i o n ,  pp. ii - 6 1  and 62 - 95. 
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EQUATION OF ELECTRON BALANCE 

The equation of e l e c t r o n  balance i n  t h e  ionosphere -I60 

(where Q i s  t h e  phot ioniza t ion  rate, L is  t h e  e l e c t r o n  loss rate and D is 
t h e  t r a n s p o r t  ve loc i ty )  can be f e a s i b l y  transformed i n t o  such a form t h a t  

would be s u i t a b l e  f o r  comparing t h e  aeronomic and ionospheric data .  A t o m i c  
( 0 )  and molecular oxygen (02) and molecular n i t rogen  (NZ) are t h e  components 

of t h e  air which are ionized i n  t h e  F region. Then the  overall photoioniza­

t i o n  rate Q is  equal t o  

+ + .+
Ions of O', O2 and N2 are found here  i n  the  atmosphere. The 0 -ions 

may be converted i n t o  molecular i ons  as a r e s u l t  of t h e  r e a c t i o n s  

I \ , .

O++-& L.NO+-+Pd ( c o e f f i c i e n t  yg) . 
The molecular i ons  d i s soc ia t e :  

The d i r e c t  recombination rate of atomic 0+ ions is so s m a l l  i n  compari­

son wi th  t h e  ion molecular r eac t ions  t h a t  it can be ignored. The l o s s  rate 
L i n  t h e  equation of balance the re fo re  is  determined by t h e  t o t a l  e l e c t r o n  

recombination rate with var ious types of p o s i t i v e  molecular ions.  
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I 

This expression can be transformed by using the equation of balance of 
various positive ions. According to Ratcliffe, we can assume that photo­
chemical equilibrium predominates for the positive ions and their transport 
can be ignored. Therefore the equations of balance for 0+, NO+ and N+ can 
be written in simplified form: 

The sum of the right-hand sides of the last three equations is equal 


to the expression given above for the loss rate L. In the same way L can 


be written in the form 


If this expression is substituted into the equation of electron balance 


(1) we then find the simple equation: 


i '::'' -q (0)-(7%got1 4-I-- TS [Nil} [041-div ([el.). 

Finally if we denote the expression in brackets by B '  

and introduce the notation 
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f o r  t h e  densi ty  r a t i o  of 0+ i ons  t o  e l e c t r o n s ,  then f o r  the  equation of 

e l e c t r o n  balance we f i n d  

I n  t h e  same way, t h e  v a r i a t i o n  i n . e l e c t r o n  dens i ty  i s  determined by t h r e e  

terms: (a)  photoionizat ion of atomic oxygen; (b) a l o s s  term which con­

t a i n s  t h e  c o e f f i c i e n t  @ '  t h a t  depends on the  model of t h e  n e u t r a l  composition 

of t h e  atmosphere and on the  c o e f f i c i e n t  p which cha rac t e r i zes  t h e  ion  composi­

t i o n  of t h e  atmosphere; and (c) term which desc r ibes  a e l e c t r o n  t r ans ­

port .  

I f  w e  so lve  t h e  equations of balance (4), (5), (6) r e l a t i v e  t o  t h e  con­

c e n t r a t i o n s  of molecular i ons  and s u b s t i t u t e  t hese  concentrat ions i n  t h e  

condition of q u a s i n e u t r a l i t y  

we f i n d  

+
Hence we f i n d  the  expression f o r  the  c o e f f i c i e n t  p, i .e.,  t h e  r a t i o  of 0 -
i on  concentrat ion t o  e l e c t r o n  concentration: 

W e  see that t h e  ion  composition a t  f ixed  a l t i t u d e s  of t h e  F region is 

not  c w s t a n t  s ince  i t  depends on the e l e c t r o n  concentrat ions and on 
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the variable densities of the neutral components and on the temperature de­


pendence of the coefficients y. Rough evaluation of the terms in the numera­

n 

tor of expression (13) shows that both values q(0,)/a2[elL and q(N2)/ 
.,[e]' are less than unity. Therefore with no great error the coefficient p 

may be written in the following form: 

6 
p = (i +m)-l. (13') 

where 


EXPERIMENTAL DATA 


Photoionization. Hinteregger, Hall and Schmidtke [4] gave a considerable 


amount of reliable data relative to photoionization under conditions of low 


solar activity. The atmospheric model which these authors used corresponds 


approximately to the model proposed by Harris and Priester [5]. The values 
of the ionization rate computed by G. S. Ivanov-Kholodnyy [ 6 ]  on the basis 
of the model from [5 ]  agree very well with the data of these authors in the 
F region. Unfortunately the solar radiation fluxes during high solar 
activity are as yet known quite imprecisely. Therefore we shall confine 
ourselves to examining the conditions of low solar activity. 


~ Ion Composition. The ion composition of the upper atmosphere has been 
known for some time from numerous direct measurements using mass-spectro­
meters on rockets and satellites. All these data can be fourid, for example, 
in the work of G. S. Ivanov-Kholodnyy and A. D. Danilov [ 7 ] .  Npmeasure­
ments during low solar activity were published by Johnson [8]. From these 
data we can choose the direct values for the coefficients p in the equation 
of electron balance (Table 1, first line). Besides, these data 
can be used to find certain information about reaction coefficients 

y and a. If we compare the experimentally computed profile of the ratio 
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p(h) with t h e  measured p r o f i l e  of e l e c t r o n  dens i ty  Ie_l(h) from equat ion (13) 

w e  can determine t h e  values  of  6(h) f o r  t h e  var ious  a l t i t u d e s .  Using t h e  
mass-spectrometric d a t a  and equat ion (8), w e  f i n d  t h e  va lues  of  6(h) given i n  

t h e  second l i n e  of Table 1 from t h e  mean p r o f i l e s  of e l e c t r o n  dens i ty  f o r  

t h e  equinox a t  middle l a t i t u d e s  during low s o l a r  a c t i v i t y  (Slough, September, 

1950). The values  of 6(h) depend on t h e  concent ra t ions  of  n e u t r a l  p a r t i c l e s  

O2 and N2 and on t h e  r a t i o  ( y l a ) .  Furthermore, from t h e  equat ion of  balance 

TABLE 1 

\ \A l t i t ude ,  k m J z  I 

(4) and (5) of p o s i t i v e  ions  i t  fol lows t h a t  i n  t h e  F reg ion  where q(0 ) is 
2+ 

low i n  comparison with the  o ther  terms of equat ion ( 4 ) ,  t h e  r a t i o  of NO and
+02 ion concentrat ions is given by 

+ +
The r a t i o  [N) ]/[02], according t o  t h e  measurements of Johnson [18], 

c a r r i e d  out  with t h e  a i d  of a mass-spectrometer i n  t h e  frequency range from 

160 t o  240 km, is approximately cons tan t  and equal  t o  1.3 - 1.4. With t h e  

a s s i s t ance  of eaua t ions  (14) and (15),from t h i s  va lue  and t h e  da t a  f o r  6 

from Table 1we can determine t h e  q u a n t i t i e s  ( y 2 / a 2 )  [02] and ( y 3 / a 3 )  [N2]. 
The concentrat ions of n e u t r a l  components (02) and (N2) may without doubt be 

borrowed from t h e  model of Harris - P r i e s t e r  [5], s i n c e  t h e  n e u t r a l  com­

pos i t i on  of t h e  air i n  t h i s  model corresponds w e l l  wi th  d i r e c t  measure­

ments using ,a mass-spectrometer. .By such a method w e  ob ta in  t h e  following 

r a t i o  of t h e  c o e f f i c i e n t s  y and a f o r  an  a l t i t u d e  of 200 km during low 

s o l a r  a c t i v i t y :  
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If on the basis of these values we compute 6(h) for altitudes from 
160 - 240 km, then data are obtained that are described in the third line of 
Table 1. From the satisfactory agreement with experimental values in the 
second line it follows that the data on the relationships (y/a) vary in­

significantly with altitude. This means that the temperature dependence 
of coefficients y cannot differ strongly from the temperature dependence 

of coefficients a. 

Laboratory Data on the Coefficients y. In numerous laboratory experi­
-

ments attempts were made to measure both the coefficients of ion-molecular 


reactions y2 
and y3 and the values of the coefficients of dissociation a2 


-I63
and a3' These values were already given in the article by A. D. Danilov 


(see the present collection and Reference [l]). New data were published in 


[ 9  - 111. Unfortunately all these data are quite contradictory. For example, 


the measurements of Ferguson's [sic] group [ g ,  101 gave the coefficients 

whereas on the basis of the measurements of Sayer's [sic] group [ll], the follow­


ing values were obtained 


The values of y3 here differ by a whole order of magnitude. 
We prefer to 

use the data of Ferguson's groyp since they represent the opinion of many 
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Figure 1. The Coefficient B '  bigure 2. The Parameter p as 
as a Function of Altitude. a Function of Electron Concen­


tration for Altitudes of 180, 

200 and 220 km. 

authors that the ratio y3/y2 must be equal to 0.1 (see for example [12]). 

These laboratory measurements were made generally at a temperature of 


approximately 300° K. However the temperature in the F region is consider­


ably higher. At an altitude of 200 km during low solar activity we must 

0 assume a temperature of approximately 900 K at noon. Unfortunately, the 

temperature dependence of the coefficients y is very poorly known. The 

experimental data published in Reference [ll] may be described by a depend­

ence such as T-0.7 . It is possible that the temperature dependence is 
more pronounced. 


It seems to be feasible to take the temperature dependence of the coef­

ficients y in the form T-l for subsequent studies and to use for an altitude 
of 200 km (under conditions of l o w  solar activity) the values 

Then on the basis of the values given above of the ratios ( y / a )  for the coef­

ficients of dissociation we obtain 
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The agreement of these  va lues  with t h e  labora tory  da t a  is s a t i s f a c t o r y .  

Then with t h e  a s s i s t a n c e  of t hese  values of y and t h e  concentrat ions [02] 

from t h e  model of H a r r i s  - P r i e s t e r  [5] we f i n d  t h e  c o e f f i c i e n t  f o r  N2 of 

t h e  equat ion of e l ec t ron  balance a t  an a l t i t u d e  of 200 km: 

The dependence of t h e  c o e f f i c i e n t  f3' o n ' a l t i t u d e  is assoc ia ted  wi th  t h e  

v a r i a t i o n  i n  dens i ty  of t h e  n e u t r a l  molecules, as shown on Figure 1. These 

va lues  are app l i cab le  during t h e  noon hours a t  low s o l a r  a c t i v i t y  (model -I64 
No. 2 i n  Reference [5] ) .  

+Figure 2 shows t h e  parameter p = [0 ]/[e] as a func t ion  of t h e  e l ec t ron  

concentrat ion f o r  a l t i t u d e s  of 180, 200 and 220 km. 

PROCESSES OF ELECTRON TRANSPORT 

Now w e  can use t h e  da t a  of a c t u a l l y  measured p r o f i l e s  of e leccron 

dens i ty  t o  compute the  va lue  of t h e  loss term L' = 6 '  p[e l  i n  t h e  

equat ion of balance (11). I n  t h e  noon hours t h e  value of a[&at is  always 

smaller than q(0) , so w e  can assume quas is ta t ionary  condi t ions .  In  

t h i s  case t h e  d i f f e rence  between q(0) and L must be equal t o  t h e v a l u e  of 

t h e  t r anspor t  term 

L'-q (0)=D =-div (le]*). 

In  order  t o  avoid problems assoc ia ted  with the  seasonal  anomaly i n  t h e  

F teg ion ,  l e t  us  f i r s t  examine t h e  N(h)-profile f o r  t h e  equinox (The Slough 

s t a t i o n ,  September 1950) during low s o l a r  a c t i v i t y .  Figure 3 shows t h e  

va lues  of q(0) and L' as a func t ion  of a l t i t u d e  f o r  l o c a l  noon. It is ob­

vious t h a t  t h e  d i f f e rence  (L - q) v a r i e s  q u i t e  s t rong ly  wi th  a l t i t u d e .  

Simultaneously t h i s  d i f f e rence  a t  f ixed  a l t i t u d e s  is  confirmed by t h e  s t rong  

d iu rna l  v a r i a t i o n s  as shown on Figure 4 ( fo r  an a l t i t u d e  of 200 km). 
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Figure 3. Altitude Variation of Figure 4. Ionization Rate q(0)
the Ionization Rate q(O),  Recom- and Recombination Rate L as a 
blnation Rate L' and Computed 
Value q + Dcomp (Broken Line) at 
the Slough Station in September 

1950. Time 1200 hours. 


Function of Local T h e  at the 

Slough Station, September 1950. 


Such values for D, as we can see from Figures 3 and 4, can not be ex­
plained by the velocities which are due to diffusion. For altitudes above 
200 km Rishbeth [13] could explain the analogous profile of electron density 
only by assuming very high diffusion rates. In a subsequent paper [14] 

Rishbeth attempted to find a more satisfactory explanation for this by assum­
ing that the concentration of neutral molecules is significantly lower than 
in the Harris - Priester model [5]. In thh way the coefficient 6' as well 
as the values of L! are significantly lowered. As shown above, the neutral 

composition of the air in the Harris - Priester model [5] agrees rather well 
with the results o f  measurements using a mass-spectrometer. Therefore, 

Rishbeth's assumption must be rejected. Furthermore this assumption implies 
only the multiplication of L by a constant factor and this can never prevent 
the fact that at certain altitudes at certain moments of time the difference 

(L' - q) still remains large. This is clearly evident in Figures 3 and 4 


in logarithmic 'scale where this multiplication implies only a parallel shift 
in the curves L'. Therefore we come to the conclusion that the value of the 

difference (L' - q) may be explained only by allowing for the dynamic pro­
cesses in the plasma of the upper atmosphere. 

The movement of plasma in the F region may be caused not only by dif­
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Pigure 5. Geographic Di s t r ibu t ion  of Horizontal  Veloci,ty 
Vectors a t  an Al t i t ude  of 300 km i n  t h e  Northern Hemisphere 
According t o  Kohl and King [15]. The North Pole i s  Located 
i n  t h e  Center of t h e  Figure,  Local T i m e  is Used Instead of 

Longitude, Nmax = 3.105 cmm3. 

fus ion  but  a l s o  by t h e  ho r i zon ta l  d r i f t  of t he  n e u t r a l  gas. Since t h e  ions  

and e l ec t rons  may move only i n  t h e  d i r e c t i o n  of t h e  fo rce  l i n e s  of t h e  Ear th ' s  

magnetic f i e l d ,  t h e  ho r i zon ta l  motion of t h e  a i r  creates a vertical  component 

of t h e  plasma motion. L e t  u s  denote t h e  vec tor  of t he  ve loc i ty  o f  n e u t r a l  

a i r  by u , and the  u n i t  vec tor  i n  the  d i r e c t i o n  of t h e  magnetic fo rce  l i n e s  by 

t. 	 Then t h e  vec tor  of t h e  plasma rate V, which i s  caused by t h e  movement of 

t he  a i r ,  i s  equal  t o  

v =(u.t) t. 

L e t  u s  choose a system of coordinates  so  t h a t  t h e  coordinate  x w i l l  be  

d i r ec t ed  t o  t h e  east, t h e  coord ina te  y t o  t h e  no r th  and t h e  coordinate  z up­

ward. Then t h e  vertical  component of t h e  plasma v e l o c i t y  i n  the .no r the rn  

hemisphere, according t o  PquatioI, (17), w i l l  be  equal t o  
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where i denotes the geomagnetic inclination. 


The horizontal drift of the neutral air is caused by the pressure grad­
ients which set in as a result of the unbalanced heating of the Earth's at­

mosphere. This planetary distribution of the pressure was found on the basis 

of measuring the deceleration of artificial earth satellites. The model of 
the resulting planetary circulation of the upper atmosphere was computed by 
Kohl and King [15] by numerical solution of the equation of atmospheric 
motion: 

The local variations in velocity and the Coriolis acceleration are given 


in the left-hand side of this equation and the pressure gradient and viscous 


deceleration are given in the left-hand side; by this latter term we imply 


the deceleration due to the collision between neutral molecules and ions 


(vi is the number of collisions, Ni and N n are concentrations of ions and 


neutral molecules). It is clear that the deceleration is stronger as the 


ion concentration is higher, Therefore the daytime wind velocity 


during high solar activity and in winter will be lower than during low solar 


activity and in summer. 


Kohl and King used only two very simple models of the ionosphere. For 


the entire northern hemisphere they assumed a constant profile for the Chap­


man electron density. One model has a maximal electron Concentration of 


the other, 1-106 ~ m - ~ . 
3-105 ~m-~.and In both models the maximum of the 


Chapman layer lies at an altitude of 300 km. These models represent actual 


conditions poorly and therefore the computations of Kohl and King for the 


velocity field should be used only as a rough approximation. 


The horizontal velocity vectors at an altitude of 300 km in the northern 


hemisphere, according to Kohl and King, at a maximal electron density of 
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3 0 1 0 ~  are shown on Figure 5. (The 

North Pole l ies  i n  t h e  cen te r  of t h e  

f i g u r e ,  the longi tude is denoted i n  

l o c a l  time). The v e l o c i t i e s  of t h i s  

model have a magnitude on the  order of 

150 m/sec. The component u
Y' 

d i r ec t ed  

t o  the  no r th ,  reaches a m a x i m a l  value 

a t  1500 houre l o c a l  time i n  t h e  middle 

Figure 6* Altitude Of theNorthern Component of t h e  Velocity l a t i t u d e s .  The corresponding a l t i t u d e  

u,, a t  1500 Hours Local Time f o r  p r o f i l e  of t h e  component u
Y 

a t  1500 
La t i tude  45O. hours l o c a l  t i m e  f o r  a l a t i t u d e  of 45' 

is shown on Figure 6. Below an a l t i t u d e  of 200 km t h e  v e l o c i t y  of u
Y 

is low­

ered. 

A t  a m a x i m a l  e l e c t r o n  dens i ty  of 1 - 1 06 cm-3 the  geographic d i s t r i b u t i o n  

and the  d i u r n a l  path of the  v e l o c i t y  vec to r s  are s i m i l a r  t o  t h a t  shown on 

Figure 5;  however t h e  magnitude of the  v e l o c i t i e s  i s  only approximately 

40 m/sec. Therefore t h e  d i u r n a l  maximum of t h e  plasma v e l o c i t y  is expected 

a t  approximately 1500 hours l o c a l  t i m e  and the  movement is d i r ec t ed  downward. 

I n  t h e  middle l a t i t u d e s  wi th  an i n c l i n a t i o n  of approximately i = 60' t h i s  

maximal value of Vz a t  an a l t i t u d e  of about 200 Ian from these models is 

equal t o  
. - ~ - .  =?Ti.~~~p5~\;n~sec~~when~t~lmax=:-iNcm.. t 

( 7 ; ~  ? -f.i@cm-315bf~sec_:when~[4max 

APPLICATION TO SOME PROFILES OF ELECTRON DENSITY 

With t h e  a s s i s t a n c e  of t hese  da t a  on t h e  v e r t i c a l  v e l o c i t i e s  Vz of t h e  /67 
e l e c t r o n s  and of t h e  mean p r o f i l e  of N(h) a t  midday i n  September 1950 

(Slough), used on Figure 3, we can roughly estimate what values  are assumed 

by t h e  quan t i ty  D = d i v  ([e] ) a t  t h e  var ious a l t i t u d e s .  Here w e  f i a d  t h a t  
V 
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D has a -bum at approximately an altitude of 190 km. On the basis of the 
values o f  Dcompand q(0) thus computed, a sum $8 formed (a + D comp) that is 
shown on Figure 3. This curve (q + DcomD) (h) according to Equation (16) 
must coincide with the curve L' (h). This requirement is well satisfied above 
210 km. In the same manner we can explain the value of L' (h) which deviates 
from q(h). However below 210 km the value of (q + Dcomp) is still too smagl 
in comparison with L'. Let us assume that this divergence occurs because, in 


computing the profile of the electron density, erroneous assumptions were made 


relative t o  the electron density profile between the E and F layere. Because 
of these errors? below an altitude of approximately 200 km exaggerated values 
are generally obtained for the electron density and hence the computed values 

of the magnitude of L' become too high. Therefore it is very important to 

compute the possible errors in the calculation of the N(h)-profiles before 


continuing on to an interpretation of these profiles from the physical point 


of view. 


As a second example let us look at an analogous interpretation of a 


typical winter profile of electron concentration which was observed at noon 
of one quiet February day in 1961 in Bulgaria. Figure 7, just as Figure 3, 

shows the quantities q((4) and L' as functions of altitude (in logarithmic 

scale). The difference (L' - q) here at all altitudes is very large. With­

out doubt, this takes place as a result of the large values of the electron 


density which occur as a result of the seasonal anomalies in the F2 region. 


From our viewpoint this anomaly may be explained by the fact that in winter 


the concentrations of molecular components of the atmosphere are slightly 


decreased in comparison with the Harris - Priester model [ 5 ] ,  whereas the 
concentration of atomic oxygen is somewhat elevated. In this regard, the total 
atmospheric density should not vary styongly. If we assume that the concentra­

tion of (02) and (NZ) in winter reaches only 80% of the values of the model in 

[ 5 ] ,  then the concentration of (0) must increase approximately up t o  140%. 
Therefore the coefficient B '  and also the quantity L' should Be multiplied by 
0 .8  and the ionization rate q(0) must be increased by 1.4 times. The values 

of q(0) and L', thus corrected, are plotted on Figure 7 as a function of alti­
tude, depicted by the broken lines. The value of the electron transport term 
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C h  

260 

220 

180 

'Figure 7. Ion iza t ion  R a t e  q ( 0 )  And 
Recombination Rate L' as a Func­
t i o n  of A l t i t ude .  

The Broken Lines  Denote t h e  Values 
of q(0) and L ' ,  Corrected by 
Allowing f o r  Var ia t ions  i n  Chemi­
cal Composition of t h e  Atmosphere. 
The Dot-Dash Line Denotes t h e  
Var ia t ion  i n  t h e  Computed Value 
of 1.2.  q(0) + Dcomp 

Dcomp w a s  again computed from t h e  d a t a  

of Kohl and King. Since t h e  maximal 

e l ec t ron  dens i ty  reached a va lue  of 

~ m - ~ ,approximately 1.10 6 w e  used t h e  

lower va lues  of t h e  ve loc i ty .  The sum 

of t h e  q u a n t i t i e s  1 .2  q(0)  and Dcomp 

is depicted on Figure 7 by t h e  dot-dash 

l i n e .  The agreement of t h i s  curve and /68 
t h e  curve 0.8 L'  ( t he  broken l i n e )  is 

very  good f o r  a l l  a l t i t u d e s  above 200 

km. This  r e s u l t  supports  t h e  hypo­

t h e s i s  expressed above t o  expla in  t h e  

seasonal  anomaly. 

Computation of t h e  N(h)-prof i les  

i n  t h e  F region during t h e  t o t a l  s o l a r  

e c l i p s e  on February 15, 1961 [16] shows t h a t  a t  t h e  maximal phase of t h e  

e c l i p s e  t h e  d i f f e rence  (L - q) has  very l a r g e  values .  This  e f f e c t  may be 

explained only by a s t rong  increase  i n  e l ec t ron  t ransporc v e l o c i t y  dur­

ing  t h e  ec l ip se .  This i nc rease  i n  t h e  t r anspor t  v e l o c i t y  should i n  f a c t  be  

expected on t h e  b a s i s  of t h e  Kohl - King theory s i n c e  during t h e  e c l i p s e  t h e  

e l ec t ron  concentrat ion i n  the  e n t i r e  F region is  lowered t o  a s i g n i f i c a n t  

degree as a r e s u l t  of which an increase  i n  t h e  d r i f t  v e l o c i t y  begins.  

I n  conclusion l e t  us  remember t h a t  t h e  work of Kohl and King a l s o  makes 

poss ib l e  an  explanat ion of several f e a t u r e s  of t h e  behavior of t h e  c r i t i ca l  

f requencies  of t h e  F2 l aye r .  For example, t h e  decrease i n  t h e  c r i t i ca l  f r e ­

quencies a f t e r  noon i n  t h e  summer is explained by t h e  f a c t  t h a t  t h e  vertical  

component of t h e  plasma v e l o c i t y  has  a maximum a t  1500 hours.  Here t h e  

e l e c t r o n  dens i ty  maximum s h i f t s  downward t o  t h e  region where t h e  l o s s  rate 
D 


is h igher  than a t  higher  a l t i t u d e s .  
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CONCLUSION 


1. The dynamic processes in the lower part of the F region produced 


by the overall system of atmospheric winds have an appreciable effect 


on electron distribution. This influence apparently is greater than 


the influence of diffusion. Even the rough evaluations of Kohl and King give 


the possibility of a better understanding of several features of the electron 
density profiles. A similar investigation on the dynamics of the upper at­

mosphere was also carried out by Geisler [17]. It is necessary to carry out 


further detailed computations of the system of winds corresponding to actual 


conditions. 


2. Measurement of the ion composition offers not only important data 


for computing the electron loss rate in the F region, it also gives decisive 


criteria for the values of the coefficients of chemical reactions in the 


atmosphere. Therefore further study is necessary for the diurnal and sea­


sonal variations in the ion composition by direct measurements, which should 


include measurements of the electron density profiles whenever possible. 


3. It seems that even the quite small variations in the relative con­
centrations of neutral molecular and atomic components are sufficient for 

explaining the seasonal anomalies in the F region. Here the dynamic move­

ments in the plasma of the F region play a secondary role. 

4. Before we undertake a quantitative interpretation of the electron 


density profiles from the viewpoint of physics, we must investigate what 


errors may be allowable in the electron density values due to the assumptions 


on the Jistribution of electron concencrathn in the region between the E and 


F regions. 
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PRESSURE GAUGE MF.AS"TS ON ROCKETS AND SATELLITES 

V. V. Mikhnevich 

The paper p re sen t s  a survey of  techniques used f o r ,  and 
results obtained i n ,  measuring t h e  atmospheric dens i ty  when 
employing rocket- and s a t e l l i t e - b o r n e  p res su re  gauges. 

Experiments done wi th  rocke ts  present  s e r i o u s  d i f f i ­
culties. Rockets travel at  a tremendous v e l o c i t y  and are 
subjec ted  t o  g r e a t  acce le ra t ions  and v i b r a t i o n  i n  a wide 
range of f requencies  when they are on t h e i r  active path.  
The weight,  s i z e ,  and power requirements of rocket-borne 
instruments  must of necess i ty  b e  as s m a l l  as poss ib le .  
Owing t o  t h i s ,  inst ruments  intended f o r  measuring pressure  
must be  quick-response, have s t rong  cons t ruc t ion ,  l i g h t  
weight and s m a l l  s i z e ,  consume l i t t l e  power, and opera te  
automatical ly .  

I n  add i t ion  t o  measuring pressure  (densi ty)  t h e  pressure  
gauges provide f o r  determining t h e  atmospheric temperature 
as w e l l .  

One disadvantage of taking measurements with rocket-
borne pressure  gauges i s  t h a t  they cannot be  used f o r  deter­
mining t h e  composition of t h e  atmosphere, which results i n  
measurement e r ro r s .  Another disadvantage is  t h a t  t h e  mea­
surement r e s u l t s  may be d i s t o r t e d  by gases  escaping from a 
rocket  o r  satell i te.  Under c e r t a i n  experimental  condi t ions 
these  e r r o r s  can be reduced t o  an  acceptab le  minimum by 
s p e c i a l  measures. 

Studies  of t h e  atmosphere ( s t r u c t u r a l  parameters) using pressure  gauges ­170 

and mass-spectrometers i n s t a l l e d  i n  rockets  and satel l i tes  p resen t s  d i f f i c u l t  

t h e o r e t i c a l  and experimental  problem. The s p e c i f i c s  of t h e  experiment re­

q u i r e  s tudying a whole complex of phenomena. L e t  us look a t  some of these .  

ATMOSPHERIC EQUILIBRIUM, BAROMETRIC FORMULA 

The Ear th ' s  atmosphere is an  uninsulated gas  environment loca ted  i n  a 

g r a v i t y  f i e l d .  Its state, determined by t h e  e f f e c t  of var ious  energy sources  
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including corpuscular and electromagnetic ones, varies with altitude and in 


time. 


As a result of this there is no complete thermodynamic equilibrium in 
the Earth's atmosphere as a whole. At the same time there does exist a 

local thermodynamic equilibrium in the atmosphere. In this case the local 

properties of the gas (in a given volume) are described by ordinary laws of 

thermodynamic (statistical) equilibrium, including: the equation of state 
p:=nkT (p is the gas pressure, n is the concentration, T is the absolute 
temperature, k is the Boltzmann constant); the equation of hydrostatics 
(the barometric formula) dp = -pgdz (p is the density, g is the acceleration 
of the force of gravity, z is the altitude); and the Maxwell law is satis­
fied for the velocity distribution of the particles: 

(dn(v 
X
) is the number of particles whose velocity components along 

the x axis are given from v to vx + dvx; m is the mass of the particle).
X 

With local equilibrium, the properties of the atmosphere may.vary both 


in space and in time. 


Furthermore, as happens much more frequently, a partial equilibrium in 


the atmosphere is observed for which statistically balanced distributions 


exist only for given kinds of particles in certain given intervals of time. 


So, in the case of a partial local thermodynamic equilibrium, in 
particular for electrons, ions and molecules, balanced "electron", "ion" 
and "molecular" temperatures are established that are not equal to one 
another 
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7.i01 

where me, mi, M, ve, vi, vm are the masses and velocities of the electron, 


ion and molecule, respectively; Te, Ti and T m are their kinetic temperatures. 


At high altitudes where the atmospheric density is low and the mean 


free path is long (Table 11, the gas is not a statistical continuum and 
as a result of this the barometric formula in the ordinary form given above 

does not describe the altitude distribution of the particles [l]. 

0 
40 
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500 

6.7.1037* 
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\ 
3.4 * 10-8 107 I 
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10- 3.4.10s 50 
10% 3,4401 10-
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This equat-ionis transformed into the ordinary barometric formula when 


the supplementary term for the absolute value is much smaller than the base 


term, i.e., 


Computations show that up to an altitude of 300 - 500 km, depending on solar 
activity, we can use the ordinary barometric formula. 

The altitude distribution of the particles and the photochemical re­


actions (ionization, dissociation, recombination, etc.) exert an appreciable 


influence on the temperature of the upper atmosphere. As a result of the 
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reactions which take place in the upper atmosphere under the influence of -?nergy 


sources, the distribution of particles in the atmosphere, just as in the case 


where there is no continuum, not described by the ordinary barometric formula. 

Analysis of the system of hydrodynamic equations [2],  which allows for 
the elastic processes in the atmosphere (ionization, dissociation, recombina­
tion, etc.) leads to the necessity of introducing into the barometric formula 
values of the effective temperature T* = T - A(Q/p 2 where Q is the differ­
ence between the absorbing radiation and that emitted as a result of the 
energy from the translational degrees of freedom of the molecules, p is the 
atmospheric density, 

(T is the diameter of the molecule. From the computations it follows that, 
depending on the state of the atmosphere1,the effective value of the tempera­
ture is equal to the usual value of the temperature up to altitudes of 400 ­
600 km, and consequently, up to these altitudes the ordinary barometric 
formula is valid. 

CONDITIONS OF FLOW AROUND A BODY 

Since the atmospheric density differs at different altitudes, when an 


object moves in the atmosphere the character of the flow around it varies 


from the conditions of a dense atmosphere (continuum) to that of a free-


molecular flow. 


Four regions of flows are differentiated .inthe modern theory of rari­


fied gases: a dense atmosphere when the mean free path is much 


shorter than the characteristic dimension of the bodv: a flow with glide when 
the mean free path is comparable with.theCharacteristic dimension of 

the body; an intermediate region with the mean free path longer 
than the characteristic dimension of the body; when the mean free path is 
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much longer than the  c h a r a c t e r i s t i c  dimension of t he  body, the  condi t ions of 

free-molecular flow are s a t i s f i e d .  

Under t h e  condi t ions of a dense atmosphere, i n t e r a c t i o n  of t h e  at­

mospheric gas with t h e  instrument i n s t a l l e d  on a moving objec t  takes  p lace  

through the  boundary l a y e r  surrounding the  body; w i th  a free-molecular flow, 

the  atmospheric gas is d i r e c t l y  connected with t h e  gas i n  the  cav i ty  of t h e  

instrument.  The dimensions of t he  pronounced t h i n  boundary l a y e r  i n  a dense 

atmosphere increase  i n  proport ion t o  t h e  increase  i n  t h e  mean f r e e  path;  i n  

t h e  free-molecular region the  boundary l aye r  d i ssapears .  

Before we examine what l a w s  govern the  i n t e r a c t i o n  of 

phere with the  gas i n s i d e  the  instrument,  l e t  us pause t o  

s p e c i a l  quest ions assoc ia ted  with t h e  movement of a rocket  

instrument i n  the  upper atmosphere. 

SPECIAL QUESTIONS 

gas i n  the  atmos­

look a t  seve ra l  

(satel l i te) ,  

-Gas Generation- of a Rocket (Satellite),_rption and Dgsorption of 

Walls. A rocket  ( s a t e l l i t e )  l i f t s  a l a r g e  amount of gas  i n t o  t h e  upper at­

mosphere t h a t  forms a cloud around the  rocket .  This cloud d iss ipa tes  with 

time. The time of such a degassing w i l l  depend upon t h e  material from which 

the  rocket  is made and the  a i r  t i gh tness  of t h e  u n i t .  Furthermore, t he  degree 

t o  which the  rocket  gas l i b e r a t i o n  inf luences t h e  instrument response w i l l  

depend on t h e  loca t ion  of 

of t he  gas. 

As a rule, pressure 

t h e  rocket  i t s e l f , b u t  i n  

an assigned a l t i t u d e .  

The container  o r  the  

i i a  

the  instruments on t h e  vehic le  r e l a t i v e  t o  the  sources 

gauges and mass-spectrometers are not  i n s t a l l e d  on 

a container  which i s  separated from the  rocket  a t  

satel l i te  (ex terna l  p a r t )  i s  made of good, vacuum-

. . 



pure materials with a low inherent vapor pressure and a high rate 


of degassing, such as, for example, metals and porcelain. 


Under predetermined experimental conditions, this permits measuring such 
low values as lo-' - 10-l' torr. But at these pressures the sorption and 
desorption of the structural units and the walls of the measuring instru­
ments, preliminarily degassed, may influence the accuracy of the measurements. 
The pressure inside the instrument follows change in the atmospheric pres­
sure. If the range of pressure variation for a certain time is very high, 
then the films which form on the walls o f  the structural units inside the 
measuring instruments will not be in equilibrium with the pressure inside 
the instrument. 

Let us look at such an example. 

A plate is placed in a nitrogen atmosphere with varying pressure. In 


the case of physical absorption the kinetics of the absorption is described 


by Langmuir's equation: 


where ,p = is the number of molecules striking the /73 
surface per 1 cm2/set;? = V B C ~ ~ / ~ ~is the number of molecules vaporizing per 


z1 sec per 1 cm of surface, fully covered with adsorption molecules; v 
O 2is the number of gas molecules in the dense monomolecular layer per 1 cm 

of surface; a is the coefficient of accomodation; e 5s the amount of the 
surface covered with molecules at time t: AH is the heat of 
adsorption; NA is the Avogadro number; k is the Boltzmann constant. 

The recovery time for equilibrium between the film and the gas depends 

* on the pressure, the kipd of gas,,and the temperacure of the plate and the gas-

At a pressure of p = torr equilibrium is established in 0.12 sec, 

0 = 1; at a pressure of torr equilibrium is established in 99.42 sec, 
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8 = 0.939 (Table 2)  (temperature of the plate and gas is equal to 300' K, 
coefficient of accomodation a = 1). As is clear from the table, the state of 
the,surfaceof the plate is constant for pressures of - torr 

(8  5 1); therefore in this pressure range, the monomolecular film can not 
influence the accuracy of the pressure measurement. At lower pressures, 
especially at pressures less than 10-9 torr, the influence of the film on the 
accuracy of the measurements may be substantial and will depend on the design 
of the instrument and the trajectory of the unit. 

TABLE 2 

10-4- . 

10- . 

. .. ,  , . .  

centrations of ions and electrons may have values on the order of 106 cm-3 . 
If an object moves in the ionosphere at a velocity of 8 lan/sec, a current 
of Q A may be induced in t'ne measuring instrument installed on board, 

(with a diameter of the intake orifice of about 1 cm). 


As a result of this, the measurement of neutral particle concentrations, 

whose equivalent currents may have values of A ,  involves considerable 
difficulty. 

"Impact" Ionization, Dissociation, Displacement of Atoms from,a surface. 
Now let us look at the group of phenomena associated with s.tudyingthe at­

mospheric.propertieson a moving body. As a result of the impacts of partis 

cles abaut the surface of the body, generally speaking they may dissociate 

and ionize and furthermore, the atoms may be displaced rrom the surface. 

In rocket experiments the effectiveness of these processes is low. 


Comparison of the energy of the moving particles and the ionization goten­
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t ia ls  shows t h a t  t h i s  energy is  i n s u f f i c i e n t  f o r  ionization..(At a rate of 

speed of approximately 8 km/sec t h e  energy of motion f o r  n i t rogen  p a r t i c l e s  

is about 10  ev and f o r  atomic oxygen about 5.5 e V ,  and t h e  ion iza t ion  p o t e n t i a l s  
of t hese  gases are 15.n eV and 13.55 e V ,  r e spec t ive ly )  Although t h e  energy 

of sublimation of t h e  majori ty  of metals (on the  order  of 3 - 4 .5  eV) is 

less than t h e  energy of motion of t h e  p a r t i c l e s  a t  the  v e l o c i t y  of t h e  

satell i te,  and consequently i t  is poss ib l e  f o r  t h e  atoms t o  be expelled,  

research has shown t h a t  sublimation becomes s i g n i f i c a n t  only f o r  

energies  of t h e  p 'a r t ic les  s t r i k i n g  the su r face  on the  order  of hundreds 

of e l e c t r o n  v o l t s .  

Photoemission. Photocurrents are induced by d i r e c t  

u l t r a v i o l e t  s o l a r  r ad ia t ion .  The magnitude of the  photocurrent per square 

centimeter of i r r a d i a t e d  su r face  is approximately t h e  same (% A) f o r  

a l l  conducting su r faces  i n  the region of the  hard u l t r a v i o l e t  (A< 1500" A). 

Thus, t h e  e n t i r e  series of processes,  i.e. gas sepa ra t ion ,  spontaneous 

ion iza t ion  and photoemission, must be taken i n t o  account i n  s e t t i n g  up ex­

periments i n  the  atmosphere. The design of t h e  instruments and t h e  u n i t s  

must be such t h a t  they w i l l  have no e f f e c t  on the  accuracy of t h e  measure­

ments. 

So, i n  o rde r  t o  avoid e r r o r s  i n  t h e  measurements caused by t h e  presence 

of i ons  and e l e c t r o n s  i n  the  atmosphere, a t  the  i n l e t  of the  instrument a 

special trap-condenser i s  i n s t a l l e d  which prevents charged p a r t i c l e s  from 

en te r ing  t h e  measuring cav i ty  of t h e  instrument.  

BASIC INTERPRETATIONAL RELATIONSHIPS 

A t  t h e  present  time t h e  theory of the  movement of gas and flow around 

a body has been developed f o r  the  region of a dense atmosphere and 

free-molecular flow. For the  intermediate  region only s p e c i f i c  problems 

-I 7 4  
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have been solved. For '  t h e  dense atmosphere and free-molecular flow, 
f a i r l y  s t r l c t  expressions have been obtained which relate t h e  char­

acterist ics of t h e  atmosphere t o  those of t h e  gas i n s i d e  t h e  

measuring instrument.  L e t  us  look b r i e f l y  a t  them. 

The pressure  and temperature on t h e  su r face  of a 

st reamlined body a t  a given po in t  (pe, Te) i n  t h e  case of nonadiabat ic  de­

c e l e r a t i o n  are r e l a t e d  t o  t h e  pressure  and temperature of t h e  unper­

turbed atmosphere (Pa t m '  T a t m) by t h e  following expressions [3, 41: 

Ps-Patm 
where '= '1%paca;' is t h e  c o e f f i c i e n t  of pressure  recovery; 

i s  t h e  thermal c o e f f i c i e n t  of r e s t i t u t i o n ;  ti i s  t h e  v e l o c i t y  


of t h e  body relative t o  the  gaseous atmosphere a t  a given poin t ;  Matm is 


t h e  Mach number f o r  t h e  unperturbed atmosphere; T= dp-i s  t h e  r e l a t i o n s h i p
CLI 

between hea t  capac i ty  a t  a cons tan t  pressure  (cP ) and cons tan t  volume ( cV ). 

Between t h e  pressure  and t h e  temperature on t h e  su r face  and i n s i d e  t h e  in­

strument an equi l ibr ium i s  es t ab l i shed  t h a t  can be w r i t t e n  i n  t h e  fol lowing 

form: 

where 

( Z is  t h e  mean f r e e  pa th  i n s i d e  a tube of rad ius  a ) .  Appropriate 

s u b s t i t u t i o n  l eads  t o  t h e  bas i c  equation: 
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Based on the measured values of the pressure and temperature inside the in­
strument, if we use the barometric formula dpatm = -pgdz, by the method of 
trial-and-error we can determine the values of the pressure and temperature 
of the atmosphere Patm and Tatm' 

.- .- - .- -- /75Free-Molecular Flow 'fl/R>1) [SI. Let us examine the simplest case: -
the cavity of the pressure gauge is connected with the atmosphere through 


a diaphragm with radius r (with no connection tube). Let us remember that 


the number of particles incident per .unitarea per unit of time from the 


oncoming flow will be 


where N is the number of particles per unit volume of the unperturbed atmos­
phere; v is the most probable velocity of thermal movement of the particle; 
m is its mass; 6 = (u/v)sin e; x (6) = e-6' + ~/n@t i  + @ @)I; 

0 is the angle between the current vector and the plane of the diaphragm. 

Let the satellite move at a velocity u in the atmosphere with concentra­


tion N, pressure p and temperature T. The characteristics of the gas in 


the cavity of the pressure gauge are designated by NI, P1, T1 and vl. Change 


in pressure inside the pressure gauge W for the time dt, produced by the 


flow of particles into it nsdt, is equal to 


In this same period, the flow of particles from inside the pressure gauge 
NiUl Nl4 kTi 

---=sat, lowers the pressure in the pressure gauge b y l a l / ; S S d t w ,  , where 
2 vll 

123 




s is the area of the pressure gauge orifice,,and v
11
is the most probable veloclty 

of the particles in the pressure gauge. At equilibrium these two currents 
are equal. And, consequently, 

when 


when 0 = 0 ,  (p) =1 andNl =N V m ,  P = P 1  V K  

If the pressure gauge has a connecting tube, it is necessary to allow 
for the resistance of the tube to the input and output flows. The 

velocity of these flows will be differenc and consequently the computa­
tional formula must be changed [ 6 ] :  

where (8, Z/r), k.(O, l/r] is the Clausing coefficient, which characterizes the 
conductivity of the tubes for a tube of length 2 and radius r in the pre­

sence and absence of a flow. 

In these discussions we have assumed that the coefficient of accomoda­
tion of the gas in the pressure gauge is near unity and the coefficient of 
recombination is small. The gas inside the pressure gauge has one tempera­
ture (temperature of the wall of the pressure gauge) and the composition 
of the gas both inside the pressure gauge and in the atmosphere is the 

same. In the general case for high velocities of the instru­
ment it is necessary to allow for the influence of recombination of atoms 
in the instrument, selection by masses and density gradient inside the 
instrument [ 7 ,  81. 
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In selecting a formula for the free-molecular flow we made the assumption /76 
that the local velocity distribution of the molecules in the atmosphere obeys 
Maxwell law. 

In a nonequilibrium atmosphere the local velocity distribution of the 


molecules can not be described by the Maxwell function and in this case the 


formula given can not be valid. 


At the same time if the rate of motion of the instrument is much greater 
than the velocity of the thermal motion of the molecules, i.e., f3 1.2, 
then the density in the cavity of the instrument will not depend on the type 
of velocity distribution function of the molecules in the atmosphere. 

If f3 % 1 or f3 < 1, then in the case of atmospheric nonequilibrium the 
interaction of the gas in the atmosphere with the gas in the instrument will 
have a different character and the above formula can not be used [9]. 

From these formulas it is clear that in determining the concentration 


or the density of the atmosphere with respect to the pressure and temperature 


of the gas, measured in one pressure gauge, we must make assumptions as to the 


temperature and composition of the atmosphere. Analysis of the dependence 


of these formulas on the values of the temperature and molecular weight 


of the atmosphere led to the following conclusion: the greater the velocity 


of movement of the instrument, the less will the results of the pressure 


gauge measurement depend on the temperature and composition of the atmosphere 


[lo]. Thus, in the experiments on the satellites, as a result of the assump­


tions on temperature and composition of the atmosphere, we find an additional 


error in determining the density and concentration of particles of the atmos­


phere on the whole by several percent. 


When two instruments (or one scanner) are installed on a vehicle , 
not only is the density determined but the temperature of the 
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atmosphere as well. 


In the simplest case if one of the instruments is parallel to the 


flow ( B  -> 1.2) and the other is in an effusion state, then as is 

obvious from the system of two equations: 

1 

VT;u sin e (p>1,2) first instrument; 

=N;fl (effusion) second instrument; 

From the pressure, density and temperature measured in the pressure gauges 


we can determine both the concentration of particles in the atmosphere N 


and their temperature T. 
 The characteristics of the atmosphere can be determined 


with slightly greater accuracy by using mass-spectrometers. 


We have examined a number of questions involving interpretation of the 


readings of instruments installed on rockets and satellites. 
Let us look at 


the conditions of the experiments, equipment and their requirements. 


EQUIPMENT 


A rocket (satellite) moves at tremendous speed, undergoing in the pro­
pelled part of the flight high accelerations and vibrations in a wide frequency 

range. The weight, dimensions and power of the scientific equipment in the 

rocket experiment are always limited. Furthermore, rocket borne equipment 
used for measuring pressure must be of quick-response type, posses 

great stability, have small dimensions and operate automatically. 

Since it is fundamentally impossible for any pressure gauge to provide 
measurements of pressure in the required wide range (for example, for the 
altitude range of 40 - 500 km, from 1 to lo-’ torr), a whole series of pres­
sure gauges and the corresponding amplifier equipment was developed. We have 
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h igure  1. Ion iza t ion  Pressure  Gauge. 

1. 	 Accelerat ing Grid - Anode; 2 .  
Col lec tor ;  3. Filament - Cathode; 
4. Grid f o r  S t a b i l i z a t i o n  of 

Emission; 5. Trap. 

used membrane, thermal,  thermoioniza­

t i o n  and magnetic e l e c t r i c a l  discharge 

pressure  gauges. I n  p a r t i c u l a r  i n  t h e  '1 
i nves t iga t ions  on rockets  up t o  a l t i ­

tudes of approximately 500 km i n  t h e  

1958 experiments,thermoionization and 

magnetic e lectr ical  discharge pressure  

gauges were used with a measurement 

range of 2'10-2 - 2'10-6 t o r r  and 1'10-5 

- 1*10-~t o r r ,  respec t ive ly .  These 

pressure  gauges d i f f e r  s u b s t a n t i a l l y  

from t h e i r  l abora tory  prototypes.  

L e t  us b r i e f l y  d iscuss  t h e  design of Soviet  and fore ign  ion iza t ion  

pressure  gauges used f o r  i nves t iga t ion  of  t h e  atmosphere above 100 km. 

I n  t h e  pressure  gauge w e  have a f i lament ,  a cathode, a g r i d  f o r  s t a b i ­

l i z i n g  t h e  cur ren t  of emission, an anode and a c o l l e c t o r  (Figure 1 ) .  The 

anode is made i n  t h e  form of a c y l i n d r i c a l  g r i d ,  t h e  c o l l e c t o r  i n  t h e  form of 

a f i lament .  With such a design t h e  c o l l e c t o r  has  a minimal i r r a d i a t i n g  sur­

face ,  thus permi t t ing  a reduct ion  i n  p a r a s i t i c  c o l l e c t o r  cur ren t .  (This cur ren t  

is induced by photoemission from t h e  c o l l e c t o r  produced by s o f t  x-rays which 

arise when e l ec t rons  emit ted by t h e  cathode a r e  modorated by t h e  g r i d  mater ia l . )  

A t  a given pressure ,  t he  va lue  of t h e  ion  cur ren t  depends on the  va lue  of t he  

emission cur ren t .  To ensure no ambiguity i n  the  measurements, t he  emission 

cur ren t  i s  s t a b i l i z e d .  I n  p a r t i c u l a r ,  t he  s t a b i l i z a t i o n  i s  accomplished using 

a supplementary g r i d  loca ted  nea r  t he  cathode i n  f r o n t  of t h e  anode. The g r i d  

has ,  wi th  respec t  t o  the  cathode, a s m a l l  negat ive p o t e n t i a l  whose va lue  i s  

automatical ly  regula ted  i n  the  opera t ing  process of t h e  instrument .  Further­

more, t h e  emission cu r ren t  during the  experiment is r eg i s t e red .  
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At the input of the pressure gauge there is a special condenser by 


means of which the charged particles entering the pressure gauge 


from the atmosphere are removed from the discharge gap. The current of 


the pressure gauge at a fixed temperature is proportional to the number of 


particles per unit volume We used direct current amplifiers 


to amplity the currents from the pressure gauges. The values of the output 


voltages from the amplifiers during the experiment are transmitted to Earth 


using radiotelemetry. 


The pressure gauges are placed outside the unit, the amplifiers and 

the other equipment inside in an air tight compartment. T'ney are 

electrically connected by a special hermetically sealed coupling. A 

special screen shields the electrode leads from charged particles. 
For the purpose of decreasing gassing in the experiments using 
rockets, the instruments were installed in containers which were separated 
from the rocket at the moment of the measurements; the external units, the 
design of the containers, the satellites on which the pressure gauges were 

installed were all made of materials possessing a good desorption rate and 
minimum vapor pressure. The pressure gauges were first degassed 

and evacuated. The pressure gauges were opened with the aid of separating 

equipment in the upper atmosphere at an assigned altitude. 

To study the atmospheric properties up to an altitude of approximately /78 
100 km, we used meteorological rockets; above this altitude we used geophy­
sical rockets and satellites. The schematic of a standard meteorological 

rocket is shown on Figure 2. Thermal and membrane pressure gauges and re­

sistance thermometers are placed in the spike. To allow for the effect 


of solar radiation incident on the open filaments of the resistance thermo­


meters, bolometers were installed; auxiliary thermometers were installed for 


measuring the temperature on the walls of the pressure gauges. Behind the 


spike are three compartments of the nose cone of the rocket with measuring 


equipment. The nose cone of the rocket is recovered by use of a 
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parachute. The responses of these 


instruments are transmitted to Earth 


telemetrically. 


The high-altitude geophysical 
automatic stationl, HAGAS, (Figure 3 )  is 
a hermetically sealed metal sphere 
with a diameter of about one meter in 
which a large complex of measuring 
equipment is installed (the weight 
of the HAGAS is about 360 kg) [lo]. 

During ascent the station is 


located in the nose cone of the 


rocket and covered with two shielding 


half-cones. At an assigned altitude 


the half-cones open and the station 


is separated from the rocket. The 


movement of the station is stabilized 


according to three axes relative to 

the sun. 


Figure 4 shows the schematic of 
an artificial earth satellite, in 
which equipment for measuring varia­
tions in density in the upper atmos­
phere was installed for the first time. 

.6 


-8 

Figure 2. Schematic of a Meteorologiqal 

Rocket. 


1. 	 Heat Pressure Gauge; 2. Resistance 
Thermometer; 3. Bolometer; 4. Com­
mutator; 5. Membrane Pressure Gauge; 
6 .  Accumulator Block; 7 .  Photo-
equipment; 8. Transmitter. 

VARIATIONS IN ATMOSPHERIC 

DENSITY 


In the past ten years the launch­


ing of a large number of rockets and 
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Figure 3. Schematic of the High-

Altitude Geophysical Automatic 

Station, HAGAS. 


DA-1, DA-2, DA-3, DA-5 are the 

Ionization and Magnetic Pressure 


Gauges. 


Figure 4 .  Schematic of the Third 
Soviet Artificial Earth Satellite. 

1. Magnetometer; 2. Photomultiplier 

for Registering Corpuscular Radiation 

from the Sun; 3. Solar Batteries; 

4 .  Instrument for Registering 
Photons; 5. Magnetic and Ionization 
Pressure Gauges; 6 .  Ion Traps; 
7 .  Electrostatic Fluxmeters; 8. 
Mass-Spectrometers; 9. Instrument 
for Registering Heavy Nuclei in 
Cosmic Rays; 10. Instrument for 
Measuring the Intensity of Primary 
Cosmic Radiation; 11. SensinL Ele­
ment for Registering Micrometeors. 
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s a t e l l i t e s  has  permit ted determination t o  be made of t h e  atmospheric dens i ty  

a t  var ious a l t i t u d e s ,  l a t i t u d e s ,  a t  d i f f e r e n t  t i m e s  of t h e  day, t he  year  

and a t  d i f f e r e n t  levels of s o l a r  a c t i v i t y .  

A t  a l t i t u d e s  below 150 km, t h e  b a s i c  r e s u l t s  w e r e  obtained from measure­

ments using pressure  gauges and by the  method of f a l l i n g  spheres;  above 

150 km, by t h e  dece le ra t ion  of s a t e l l i t e s .  Analysis and comparison of t h e  

v a r i a t i o n s  i n  atmospheric dens i ty  above 150 km l e d  t o  es tabl ishment  of a 

c o r r e l a t i o n  between dens i ty  and s o l a r  and geomagnetic a c t i v i t y .  Pe r iod ic  

va r i a t ions  w e r e  found i n  the  dens i ty  with a d a i l y ,  monthly (27 - 28 days) ,  

semiannual, 11-year, etc. per iod.  Besides the  pe r iod ic  v a r i a t i o n  the re  

a l s o  e x i s t  non-periodic v a r i a t i o n s  i n  dens i ty ,  depending on random perturba­

t ions  on t h e  sun. A l a t i t u d e  e f f e c t  i s  observed [ l l ] .  

With inc rease  i n  s o l a r  a c t i v i t y  ( u l t r a v i o l e t  r ad ia t ion )  t h e  atmospheric 

dens i ty  i s  increased and the  rate of  increase  i n  dens i ty  grows with a l t i t u d e .  

For example, with a two-fold increase  i n  s o l a r  a c t i v i t y  ( i t  i s  customary t o  

take  s o l a r  rad io  emission on a wavelength i n  t h e  range of 10 - 20 c m  as t h e  182­
c h a r a c t e r i s t i c )  t h e  atmospheric dens i ty  a t  an a l t i t u d e  of 200 km i s  increased 

by approximately two t i m e s  and a t  an a l t i t u d e  of 500 km by approximately four  

t i m e s .  

I n  t he  course of a day the  dens i ty  undergoes very s t rong  va r i a t ions .  

A t  a given a l t i t u d e  wi th  the  same s o l a r  a c t i v i t y  the  dens i ty  has the  g r e a t e s t  

value of 1600 hours. The amplitude of v a r i a t i o n  i n  dens i ty  inc reases  with 

a l t i t u d e  (Figure 5) [12]. According t o  the  da t a  obtained during yea r s  of 

maximal s o l a r  a c t i v i t y ,  a t  an a l t i t u d e  of 200 km t h e  dens i ty  v a r i e s  from day 

t o  n ight  by approximately 30%; a t  an a l t i t u d e  of 800 km, by one order .  The 

d iu rna l  e f f e c t  during years  of minimal s o l a r  a c t i v i t y  up t o  an a l t i t u d e  of 

500 km is s l i g h t l y  higher .  A t  an a l t i t u d e  of 200 km during t h e  day t h e  den­

s i t y  v a r i e s  by approximately two t i m e s  [131. A t  t he  same t i m e  above 500 km 

t h e  amplitude of t h e  d i u r n a l  dens i ty  v a r i a t i o n s  is decreased and a t  an a l t i ­

tude of 1000 km is approximately equal  t o  the  d i r n a l  v a r i a t i o n s  a t  an a l t i ­

tude of 200 km. Of a l l  pe r iod ic  v a r i a t i o n s ,  t h e  v a r i a t i o n s  i n  dens i ty  
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ldD0 

Hour s b  &urs  

Figure 5. Diurnal Var ia t ions  i n  Density a t  Various Al t i t udes  and Temperature 
of t h e  Exosphere during Low (a) and Very High Solar  A c t i v i t y  (b).  

Figure 6. Var ia t ion  i n  Decelerat ion 
of Satel l i tes  (Density) During In­
creased Geomagnetic A c t i v i t y  From 
5 t o  24 November, 1960. 

Along t h e  o rd ina te  a x i s  are p lo t t ed :  
The Rat io  A/Z,  where A are instan­
taneous acce le ra t ions :  i s  t h e  mean 
value;  a

P 
i s  t h e  index of t h e  geo­

magnetic a c t i v i t y ;  F10 i s  t h e  cu r ren t  

of radio-emission a t  wavelength X = 
10.7 cm i n  u n i t s  of W-m-2-Hz-1. 

80 

sec -1. The Arrows Denote Cases of 
t h e  Observation of Class 3+ F l a r e s  
on t h e  Sun. 1. 1121 km; 2. 650 km; 
3. 564 lan; 4. 528 km; 5. 415 km; 
6. 350 km; 7. 205 km (Al t i tude  of 
Per ihe l ion)  . 

5 10 I5 20 24 
November 
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during the day,and variation with solar activity, are the greatest in 


amplitude. 


The variation in density correlated with the variation in geomagnetic 


activity may also be significant. For instance, according to the data in [14], 

%'witha strong increase in geomagnetic activity (a
P

Q 400) at an altitude of 650 
km the density was increased by approximately 5 times (Figure 6 ) .  

Variations in temperature have the same character as do the variations 
in density, i.e. the variations in atmospheric temperature have a diurnal, 
monthly, semiannual ll-.year periodicity and depend on solar activity, geo­
magnetic effect and on latitude. Figure 5 shows the diurnal variations in 
the temperature of the exosphere for the periods of minimum and maximum solar 
activity. The temperature of the exosphere increases with increase in solar 
activity (Figures 7,  8 ) ;  by day its value is greater than by night [12, 151. 

The results of several rocket experiments give a basis for assuming that 


apparently above 100 km the temperature (composition) does not vary mono­


tonically but rather there is a temperature (composition) inversion [16] 
(Figure 9 ) .  This result requires additional study. 

It is obvious even from a quite superficial discussion that the varia­
tions in density and temperature of the atmosphere have a complex character. 
A s  a result of this in setting up experiments �or studying variations in 

structural parameters it is desireable to differentiate between these and 


other effects. For example, a satellite with a circular orbit reveals the 


diurnal variations of parameters at a given altitude to the best advantage. 


Rocket experiments permit us to obtain a vertical cross section of the 


atmosphere at a given geophysical point with constant values of the solar 


activity, time of day, etc. The widely used method of satellite deceleration 


gives averaged characteristics of the atmosphere in time and altitude (with 


an increase in the accuracy of determining the trajectory of the moving 
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Figure 7. Temperature of the Exo­
sphere (Night and Day) as a Func­
tion of the Flux of Solar Radio 

Emission F10' 

I 

Figure 8. Temperature of the Atmos­

phere According to Experimental Data 

Obtained by Blamont and Lory Using 

Clouds of Sodium and Potassium. 


1. March - December 1960; 2. Septem­
ber - December 1961; 3. June 1962; 
4. May 1963. 

I I I I ' I
a7 20 30 40 50 

H 

Figure 9. Altitude of the Uniform 

Atmosphere and Temperature of the 

Atmosphere June 18, 1963 (Pressure 

Gauges). 


1, 3. First Aproximation; 2, 4. 
Second Approximation. 
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satellite, the interval of averaging is decreased). On the other hand use of 


quick-response instruments -- pressure gauges and mass-spectrometers -- makes 

possible the study of the detailed structure of variations in atmospheric 


parameters. Only by using the most diverse methods of research can we obtain 


complete information on the properties of the upper atmosphere and their 


variations. 
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RESULTS OF 	 MULTI-YEAR OBSERVATIONS OF THE OUTER IONOSPHERE 
UTILIZING SIGNALS FROM SATELLITES 

K. H. Schmelovsky 

Regular observat ions of t h e  s i g n a l s  coming from 
a r t i f i c i a l  satellites are c a r r i e d  out  a t  t he  Kilungsborn 
observatory.  These observat ions y i e l d  usefu l  informa­
t i o n  on t h e  behavior o f ,  and changes i n ,  t h e  ou te r  
ionosphere. The paper presents  a d e t a i l e d  desc r ip t ion  
of techniques used f o r  observing t h e  s fgna ls  and pro­
cessing t h e ' r e s u l t s .  The observed r e s u l t s  revea l  
how the  t o t a l  number of e l ec t rons  present  -In a' 
column of t h e  ionosphere depends on aular a c t i v i t y ,  
they a l s o  he lp  t o  i n v e s t i g a t e  t h e  l a t i t u d e  anomaly of 
Ne and t h e  d iu rna l  v a r i a t i o n s  of Ne both during maxi­

mum and minimum a c t i v i t y .  The ana lys i s  of experimental 
da t a  a l s o  allows t h e  e l ec t ron  temperature t o  be de te r ­
mined. It has  been found t h a t  i n  case of low s o l a r  
a c t i v i t y ,  Te is 1.5 - 2 t i m e s  as high as the  tempera­
t u r e  of n e u t r a l  p a r t i c l e s ,  whereas i n  case of high 
s o l a r  a c t i v i t y , T  may reach 3000' K. A ca l cu la t ion  e
has a l s o  been made of t he  mean rate of e l ec t ron  
formation during t h e  day t i m e  from t h e  max imum per iod 
of s o l a r  a c t i v i t y  t o  t h e  minimum one. S i m i l a r  ca l ­
cu la t ions  have been made f o r  t h e  f l u x  of ion iz ing  rad­
i a t i o n  as w e l l .  

Signals  from satel l i tes  have been observed regular ly  a t  the  Kiilungsborn ­184 
observatory s i n c e  the  t i m e  t h a t  "Sputnik-3" w a s  launched. The a r t i f i c i a l  

e a r t h  s a t e l l i t e  series "Kosmos" w e r e  used as w e l l  as  the  "Transit-4atl and 

"Explorer XXII" (S-66) . 

Faraday fading of t h e  s i g n a l s  from "Sputnik-3" was inves t iga ted  a t  

20 MHz and from "Transit-4A" a t  54 MHz. Faraday fading from the  "Explorer-

XXII" w a s  r eg i s t e red  a t  f requencies  of 20, 40, and 41 MHz as w e l l  as t h e  
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phase shift (difference in Doppler frequency shift) between coherent fre­

quencies of 20 and 40 MHz. Basically we investigated the total number of 

electrons 

(hs is the orbital altitude of the satellite). Furthermore we have developed 
methods for determining other parameters of the electron density distribution. 
For this we used the differences in Faraday fading at various altitudes and 
compared the measurements of satellite signals with measurements from ionos ­
pheric probes. 


Figure 1 shows an example of registering signals from the satellite "Ex­


plorer XXII". 


For the registrationwe used a device with automatic frequency control 


which was necessary to compensate the Doppler frequency shift of the signals 


received. The width of the pass band of the receiver was 100 Hz. At the 


output of the receiver was a signal converted to a frequency of 80 Hz. This 

low frequency was registered directly. Furthermore, a signal from the 20 

MHz channel was doubled and mixed with a signal from the 40 MHz channel. 
The difference between these two frequencies is shown on diagram 4 (Figure 

1). A similar operation was carried out also with the 40 MHz signal shifted 
by 90° (diagram 5).  The signals of the difference frequencies are a 

two-phase alternating current which is fed to a synchronous motor which drives 


a potentiometer. The voltage at the output of the potentiometer is a time 


integ,ralof the Doppler differential. In addition to this the device gives 


a registration of the complete Doppler frequency shift of the signal received 
(Figure 2) .  This registration obviously is not adequate for a precise 
measurement of the trajectory; it may only be of help in the case when no 

other information sources are available concerning the precise elements of 


the trajectory. 
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Figure 1. 

1, 2 and 3.  
4 and 5. 
of 20 and 40 MHz; 6 .  

Examples of Registering Signals from the . S a t e l l i t e  "Explorer XXII". 

Faraday Fadings a t  Frequencies of 20, 40, 41MHz, Respectively; 
Difference i n  Doppler Frequency S h i f t s  Between Coherent Frequencies 

Time In t eg ra l  of t he  Difference i n  Doppler Frequency 
Shif t .  



If we compute the number of tran- /86 
sitions through zero in differential 
Doppler registration, figured from the 


moment when the phase difference is 
minimal, and write the results in time,1-y-we obtain the curve I(t) which gives&n 


~. 

the time behavior of the difference in 


Figure 2. Example of Registering 
Complete Doppler Frequency Shift 

phase paths between the coherent fre­


quencies expressed in wavelengths. 

of the Signal Received on May 10, Under favorable conditions we can of1963 at a Frequency of 54 MHz. 

course directly use the curve of re-
a. Beginning 0845; b. Beginning gistration shown on diagram 6 (Figure
1136. Local Time. 


1). But the difference in phase paths 


can be determined only with an accuracy up to a constant term. Then we have 


and 


Correspondingly, if we compute the number of minima in the registration 

of Faraday fading, we can obtain the time behavior of the Faraday rotation K ( t ) 6  

The angle of rotation is in units of IT.Then 

R(t)+Cp =NtotP).F(t). (1') 


and 


F ( t )  = 
2,26.108 I L ICOS e s e c t ,

cf' 

where f is the frequency, 0 is the angle between the magnetic field of the 

140 




J 

Earth and t h e  d i r e c t i o n  of propagation, /LI is t h e  magnetic f i e l d  s t r eng th ,  

n is t h e  r a t i o  of coherent f requencies ,  t is t h e  time f igured  from t h e  moment 

of least d i s t ance  of t h e  satel l i te ,  v is t h e  angle  between t h e  v e r t i c a l  and 

t h e  d i r e c t i o n  of propagation. 

It is  obvious t h a t  v a r i a t i o n  i n  N with t i m e  does not  r e f l e c t  t h e  t r u et o t  
v a r i a t i o n  i n  t h e  t o t a l  number of e l ec t rons  i n  time, but  is determined mainly 

by t h e  motion of t h e  sa te l l i t e .  

Considerable d i f  E i c u l t i e s  i n  t h e  i n t e r p r e t a t i o n  are encountered i n  de te r ­

mining t h e  cons tan ts  CD and CF. If w e  assume only one r e g i s t r a t i o n ,  then one 

equat ion does no t  always s u f f i c e  r ega rd le s s  of whether w e  proceed from t h e  

i n t e g r a l  form according t o  equat ion (1) o r  (1 ' )  o r  d i r e c t l y  use the  

fading frequency. This  problem arises , f o r  example, i n  analyzing t h e  da t a  

from "Sputnik-3", "Transit-4A" and o thers .  Thus, w e  must make add i t iona l  

assumptions. We use two 

F i r s t  Assumption. 

Thus, 

where t i s  t h e  moment of 

t o  be computed. Then w e  

equat ions such as 

Second Assumption. 

d i f f e r e n t  assumptions. 


In  a f i r s t  approximation Ntot depends . l i nea r ly  on t .  


t i m e  corresponding t o  the  middle of t he  r e g i s t r a t i o n  


f i n d ,  f o r  any t h r e e  moments of t i m e  t
V' 

t h r e e  


The mean value of t h e  t o t a l  number of e l e c t r o n s  i n  

the  course of t h e  t i m e  under s tudy i s  approximately equal t o  the  t o t a l  number 

of e l e c t r o n s  a t  t h e  moment of t i m e  t. After  transforming equation (1) and & 

i n t e g r a t i n g  wi th  respec t  t o  t i m e ,  w e  ob ta in  the  expression 

I f  w e  denote  
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we f i n d  

I f  we use .equation (1') one more t i m e  and s u b s t i t u t e  t = E ,  we f ind  

I f  we take  these  assumptions i n t o  cons idera t ion ,  we may assume the  r igh t -

hand s i d e s  of equat ions (3) and ( 4 )  t o  be equal and f i n d  CiD. W e  ob ta in  

A similar method can be used f o r  computing t h e  Faraday fading. Af te r  

determining the  a d d i t i v e  constant  w e  can of course very  e a s i l y  ob ta in  t h e  

behavior of N t o t  from equation (1) o r  ( 1 ' ) .  

To minimize e r r o r s  r e s u l t i n g  from these  assumptions , t h e  

f i r s t  method i s  used several t i m e s  wi th  d i f f e r e n t  combinations of va lues  of 

t and t h e  h ighes t  and lowest va lues  of t h e  cons tan t  are discarded,  a f t e r  

which t h e  mean value of t he  remaining va lues  i s  determined. I n  add i t ion ,  t h e  

behavior of N. is  determined independently by the  second method. De­
t o t  

pending on t h e  r e s u l t s  of t h e  computat ions, i t  w i l l  be decided whether t h e  mean 

value of Pitot from both  values  o r  from one va lue  i s  t o  b e  used. All computa­

t i o n s  were ca r r i ed  out  on a computer. 

The b e s t  methods are chosen when the re  are s e v e r a l  s i n d t a n e o u s  
r e g i s t r a t i o n s  

(1) L e t  us assume r e g i s t r a t i o n  of t h e  Faraday fad ing  a t  one frequency 

and r e g i s t r a t i o n  of t h e  d i f f e r e n t i a l  Doppler s h i f t  a t  two frequencies .  Since 

Equations (1) and (1') are l i n e a r l y  independent, then CD and CF may be j o i n t l y  

determined so  as t o  g ive  i d e n t i c a l  behavior of N t o t  ( t )  wherever poss ib le .  
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i According t o  t h e  least  squares  method w e  f ind  

From t h i s  w e  have 

where 

(2)  L e t  us assume r e g i s t r a t i o n  of t h e  Faraday fading on two c lose  -I 8 8  

f requencies .  In  t h i s  case w e  can determine t h e  d i f f e rence  i n  the  angle  of 

r o t a t i o n  accura te  t o  i n t e g r a l  mu l t ip l e s  of IT d i r e c t l y  from t h e  t i m e  s h i f t  

i n  t he  minimum fading a t  both frequencies .  Since t h e  frequency dependence 

of t he  Faraday r o t a t i o n  is known t h e o r e t i c a l l y ,  i f  w e  mul t ip ly  t h e  d i f f e rence  

of t h e  angles  of r o t a t i o n  by a constant  number, w e  then ob ta in  d i r e c t l y  t h e  

angle of r o t a t i o n  f o r  a given moment. Because of ambiguity w e  f i n d  d i f f e r e n t  

so lu t ions  which may d i f f e r  s t rong ly  i f  t h e  d i f f e rence  i n  f requencies  is s m a l l .  

I n  t h e  major i ty  of cases  t h e  proper so lu t ion  may be  found without fundamental 

d i f f i c u l t i e s .  

Furthermore, i f  we assume simultaneous r e g i s t r a t i o n s  of t h e  d i f f e r e n t i a l  

Doppler, then w e  can ob ta in  a more r e l i a b l e  r e s u l t ,  s i n c e  a proper so lu t ion  

must a l s o  approximately correspond t o  t h e  measured behavior of I ( t ) .  I n  our 

method w e  never the less  assume t h a t  t h e  r e s u l t s  from t h e  Faraday �ading must be  

mul t ip l ied  by a f a c t o r  of y % 1, s ince  f o r  computation of t h e  curves  F ( t )  

we used values  of t h e  magnetic f i e l d  a t  t h e  sur face  of t h e  Earth. This 
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f a c t o r  i s  determined according t o  t h e  method of least squares  and g ives  an 

a d d i t i o n a l  f a c t o r  I; which i s  determined by t h e  equat ion 

and i s  r e l a t e d  t o  y by t h e  equat ion 

F ina l ly  w e  can s t i l l  compare t h e  Faraday fading a t  s t rong ly  d i f f e r i n g  f re ­

quencies ( fo r  example, 20 and 40 MHz) and ob ta in  e f f e c t s  of a higher  order .  

I f  we bear  i n  mind t h e  second order  terms, t h e  equat ion f o r  t h e  Faraday fading 

has  t h e  following form: 

where Z1 is  t h e  component of t h e  magnetic f i e l d  ly ing  on the  l i n e  of i n t e r ­

sec t ion  between t h e  plane of propagation and t h e  plane perpendicular  t o  t h e  

d i r e c t i o n  of propagation; ZL is t h e  component of t h e  magnetic f i e l d  i n  t h e  

d i r e c t i o n  of propagation: 

Since t h e  ind iv idua l  terms depend d i f f e r e n t l y  on frequency, they can 

be  determined independently. 

RESULTS 


The dependence of t h e  t o t a l  number of e l ec t rons  on s o l a r  Ac t iv i ty  i s  

shown on t h e  ex&ple of d iu rna l  v a r i a t i o n  during t h e  equinox of '  1958 - 1959 

and i n  the  f a l l  of 1963 (Figure 3). Besides t h i s ,  f o r  both of t hese  per iods  

of t i m e  t h e  mean va lues  f o r  t h e  dayl ight  per iods are shown i n  t h e  form of 
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ind iv idua l  columns. A s i g n i f i c a n t  drop is  seen i n  t h e  mean va lues  of t h e  

t o t a l  number of e l e c t r o n s  by approximately 4.7 times. 

To s tudy t h e  known seasonal  anomaly, Figure 4 shows t h e  d i u r n a l v a r i a t i o n  of' 

t he  t o t a l  number of e l e c t r o n s  f o r  summer and winter  during the  per iods  of 

maximum and minimum s o l a r  spots .  Besides t h i s ,  t h e  average value,  during 

dayl ight  hours,  of t h e  t o t a l  number of e l e c t r o n s  is again shown by t h e  ind iv i ­

dual  columns f o r  0600 - 1800 hours  l o c a l  time. It is c l e a r l y  obvious t h a t  

only wi th  maximum s o l a r  spo t s  is t h e  t o t a l  number of e l ec t rons  during t h e  day­

l i g h t  hours i n  win ter  g r e a t e r  than t h a t  during day l igh t  hours i n  summer. The 
t o t a l  number of e l e c t r o n s  during minimum s o l a r  spo t s  i n  win ter  is never the less  /90 
too high, i f  w e  t ake  i n t o  account t h e  low pos i t i on  of t h e  sun. Thus, w e  can 

speak here  about an  i n s i g n i f i c a n t  seasonal  anomaly. 

Inves t iga t ion  of t h e  v a r i a t i o n s  with l a t i t u d e  became poss ib le  only by 

using d i f f e r e n t i a l  Doppler measurements on the  5-66 s a t e l l i t e .  Figure 5 

shows t h e  i s o l i n e s  of t h e  constant  va lues  of t h e  t o t a l  number of e l ec t rons  as 

a func t ion  of l a t i t u d e  and t i m e  of day. Since the sa te l l i t e  had almost a 

p rec i se  c i r c u l a r  o r b i t ,  a t  a h igher  a l t i t u d e  t h e  v a r i a t i o n s  i n  t h e  t o t a l  number 

of e l ec t rons  during t h e  time of t r a n s i t  may be explained only by geographic 

d i f fe rences .  

Here it w a s  assumed t h a t  t h e  d i f f e rence  i n  longi tude plays a s m a l l  r o l e .  

In  order  t o  determine some e f f e c t i v e  l a t i t u d e  f o r  each moment of t i m e  during 


t r a n s i t ,  w e  proceeded from t h e  f a c t  t h a t  t h e  g r e a t e s t  dens i ty  of e l ec t rons  


is  found a t  an a l t i t u d e  of 350 km. As t h e  e f f e c t i v e  l a t i t u d e  w e  used t h e  


l a t i t u d e  a t  which t h e  ray  penetrated t h e  350 km level. As w a s  expected, 


t he  i s o l i n e s  exh ib i t ed  no unexpected f e a t u r e s  f o r  sunspot minimum. 


The s h i f t  i n  t he  moments of sun r i se  and sunse t  wi th  l a t i t u d e  may be c l e a r l y  


ascer ta ined  from t h e  behavior of t h e  i s o l i n e s  f o r  N t o t  The lowering of t h e  


s o l a r  a l t i t u d e  wi th  l a t i t u d e  a l s o  determines t h e  decrease i n  t h e  t o t a l  num­


ber  of e l ec t rons .  
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a b 


Figure 3. Total Number of Electrons 

in the Vertical Column of the Iono­

sphere Ntot as a Function of Local 


Time. 


a. 	 During High Solar Activity (1958 ­
1959); b. During Low Solar Activity 
(Fall 1963); The Shaded Area Shows 
the Values Averaged for the Days. 

Figure 4. Total Number of Electrons 

in the Vertical Column of the Iono­

sphere Ntot as a Function of Local 


Time Average Values Between 0600 ­
1800 hours shown by shaded area: 

/e 


N 
 a. Summer, 1959; b. Winter 1958/1959; 

tot;, fo"MJ C. Summer, 1964; d. Winter 1963/1964.

C 

Figure 5. Isolines of the Constant 
Values of the Total Number of Elec­
trons in the Coordinates, Latitude -

Local Time. 
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*tot/Ntot, % 
Comparison of the nocturnal var­

iations with latitude under perturbedfSO fTj -.,? and unperturbed conditions is shown 
on Figure 6 .  It is obvious that dur­

4d" 50 69 58 
Ip ing perturbations the total number of 

Figure 6.  Variation in the Ratio electrons between 60 and 64O is 

*tot/: tot with Latitude. (Per- slightly elevated. These phenomena 

taining to an Altitude of 350 km). are probably associated with the outer 


radiation belt. If we assume that the 

1. Under Quiet Conditions; 2. Under excess electrons are located mainly atPerturbed (K

P -
> 2) Conditions. 

an altitude of 150 - 200 km rather 
than at 350 km, we then obtain a 

. 	 latitude of 58 - 64' which corresponds to the position of the horns of the 
outer radiation belt at our longitude. 

To interpret the results we took as a basis che diffusion theory of the 


F layer and proceeded from the following equation of balance: 


where q is the rate of formation of electrons for the case of simple Chapman 
law; f3 is the coefficient of recombination which is proportional to the con­
centration of molecular particles of the neutral gas and thus decreases very 
rapidly with altitude. 

The diffusion rate wD obeys the law 

where H is the altitude of the uniform atmosphere; = Ti(Te + Ti) (Ti is 
the ion temperature; T is the electron temperature). The equation for the e 
diffusion coefficient is 
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(vi is the frequency of ion collisions, n is the density of the neutral gas). 

Thus, the diffusion coefficient is inversely proportional to the density of 


neutral gas and, under the condition that the electron temperature is near 


that of the ions, is proportional to the square root of the temperature 


value. For very high electron temperatuaes, it increases linearly with T. 


First of a l l  we studied two cases: the equilibrium conditions and the 

nocturnal recombination (q = 0 )  with equilibrium as the initial state. Since 

a number of measured values exist for the reaction parameters,the composition 

of the atmosphere, and other required values, by using these data we could 
limit the range of individual parameters. The values varied within this 
range. Here it was found that the type of electron distribution depends on 


temperature more strongly than on the reaction parameters. 
 In particular, 


+ Ti) was foundabove the F2 maximum the "plasma temperature" TP - 0.5 (Te 
to be the only decisive parameter for the form of the layer. 


With this also is associated the fact that the normalized values are 


is the electron concentration at the F2 maximum), and s depends al­


most only on the plasma temperature. This fact was used for determining the 


plasma temperature. In the "Sputnik-3" the value of Y was computed from the 


total number of electrons and from measurements of the ion probe and plotted 


as a function'ofaltitude. Besides this the value of dY/dh could be deter­


mined from the time variations during transit by using the equation 




Finally the value dY = 1 is tri­
-3vial for the altitude of the F2 maxi­
m 

mum. Figure 7 a shows the type of 
2 curves Y(h) for summer days in 1958 

(the crosses represent the mean value 

3.1017 	
of Y(h), the broken line - the mean 
value of dY/dh for the given altitude 

range), and Figure 7 b shows the curves 
2 ­

for the nocturnal values o f  1958 ­
1959. 

-3I - m 
For winter days it was impossible 

M-2 
to directly plot the experimental curve 

-

Figure 7. Path of the Curves Y(h). 


a. 	 For Summer Days in 1958: b. For 
Nocturnal Conditions in 1958 - 1959; 
1. Mean Values of N

tot
(h); 2. Mean 

Values of Ytot for a Given Altitude 


Range. 


Y(h); therefore we plotted different 


theoretical curves and selected the 


suitable one. By differentiation we 


can obtain from these curves the dis­


tributionof electron density (Figure 


8) 


During sunspot minimum we had 


available only the satellites which had an almost circular trajectory. To 
determine the plasma temperature from the electron content,we could only use 
a comparison of experimentally determined values of Y for a given altitude 
with the theoretical values. But this method was found to be rather rough. 
Therefore we used the results of observations at several frequencies,and the 
plasma temperature was determined from comparison of the theoretical and 
measured values of s .  

Whereas in winter, during the night and during sunspot minimum the 


149 




values of the plasma temperature do not exceed the temperature of the neutral 


gas by very much (1.2 - 1.5 times) in summer during sunspot maximum we 
find very high plasma temperatures (up to 3500' K). During geomagnetic per­


turbations the plasma temperature is also clearly elevated. Figure 9 shows 


for April 1959 the behavior of the number of electrons, the behavior of fo F2, 

the index KP and the plasma temperature computed using Y. Figure 10 shows for /92
-
fall of 1963 the dependence of P 

tot 
on the index of magnetic disturbance K

P
. 

In the course of several selected intervals of tine, in addition to 


measurements of radio signals, telemetric information was also received 


from the "Explorer XXII" concerning probe measurements of local 


concentration. Here we are speaking of measurements by a 


plasma probe whose potential varied in a sawtooth manner with respect to 

the body of the satellite. The radio signal measurements during this time 


were processed with special care and from the values obtained we plotted the 


best theoretical profile for Ntot' s and ?;. Here we assumed that during this 


time the electron temperature was 1.5 times greater than the temperature of 


the neutral gas. In equations (12) - (14) we considered only one type of 


ion, i.e. 0'. Therefore at high altitudes the electron Concentration 


should differ from this profile. Figure 11 shows a comparison of the theoreti­


cal profile with the results of direct measurements. If the theoretical pro­


file, allowing for the helium ions, is changed such that it corresponds 


with the measurement results, we then obtain a mean molecular weight for 


the ionized particles of 8.5 atomic units at an altitude of 900 km. This 


agrees well with the results which were obtained by others using this satel­


lite but an entirely different method. 


The recombination coefficient 
0 
at the altitude of the iorl formation 	 /93-

maximum,as well as the reduced coefficient of diffusion D'n, are signifi­


cant for the rate at which the electron conentration drops following sunset.
-
We used the following values: o0 = 2*10m3sec-1; no = 1.5010lo ~ m - ~ ;D.n = 

0.75.1019 cm-l. In this way, after 10 hours of recombination we find a drop in 
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Figure 8 .  Distribution of Electron 
Concentrations with Altitude, Ob­
tained by Differentiating the Data 

in Figure 7. 

1. 	 Summer Day; 2. Winter Day; 3. 

Night 


Rigure 10. Mean Values of Ytot as 


a Function of the Index KP for 


Fall of 1963. 


Figure 9. Variation in the Total 
Number of Electrons During March -
April 1959 for Altitudes of 350 
and 1000 km, Critical Frequencies 
f
0
F2, Index KP and Plasma Tempera­

ture T. 


h, XM 

Figure 11. Electron Concentration 

as a Function of Altitude. 


1. 	 Theoretical Profile; 2. Mea­
surement Results. 
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the number of electrons by 3.2 times. The experimental results for the ratio of 


Ntot at sunset to Ntot after 10 hours following sunset are found to be bet­
ween 2.2 and 2.9. We detected no systematic variations with time,of year or 
cycle of solar spots. Apparently, B0 and the diffusion coefficient are small- /94 
er than had been assumed, and do not undergo significant variations. 

Since the total number of electrons naturally depends on a l l  the para­
meters, we made an attempt to find the variations in ionizing radiation with 
the cycle of solar activity using the most probable values from the litera­
ture as well as measurement data. Here we found the following 
results: 

(1) The variation in the total number of electrons, averaged for the 

daylight periods, measured from 3.62-10l7 mV2 at the equinox of 1958 - 1959 
to 0.775-10l7 m-2 in the fall of 1963; 

(2) We computed the variation in the average rate of 0’ ion formation 


for the same time: from 3.53’102 ~ m - ~ ;  


(3) The flux of ionization radiation for the same period of variation 


consisted of values from 0.67*1010to 0.21*10 cm’2. 


For computation of this latter we assumed that the altitude of the uni­


form atmosphere of neutral gas during sunspot maximum was 70 km, and 


during sunspot minimum was 50 km. 
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PROBE METHODS FOR STUDYING THE IONOSPHERE 


G. L. Gdalevich 


Probing is the main technique ueed for investigating 

a gas-discharge plasma (comparatively cold plasma with a 

rather low concentratioe and weak magnetic fields). Char­

acteristics obtained from probing (dependences of probe 

current upon voltage applied to a probe) may, in the main, 

be used for determining all the basic parameters of a 

plasma, such as: electron and ion concentration, distri­

bution of ions and electrons according to their energies

and plasma potential in the area of the probe. Measure­

ments carried out by meang of probing allow the local 

parameters of the ionospheric plasma to be determined, 

the results of such measurements being independent of 

the condition of the medium between the probe and the 

Earth. In principle the advantage of measurements carried 

out by probing:isthat they may be used at any altitude. 

However, apart from difficulties encountered in the gas-

discharge plasma, a number of difficulties which pertain 

particularly to the ionosphere may arise during measure­

ments by means of probing.


Much information on the parameters of the ionosphere 

and their variations has been obtained with the help of 

measurements by means of probing. The comparison of mea­

surement data obtained by different methods makes it 

possible to estimate the reliability of measurements and 

reveal methodological errors. 


The methods of investigating the ionosphere using rockets and satellites /95 
may be divided into two basic groups: 


(1) Study of radio wave propagation between the satellite or rocket 


and Earth (in certain instances based on reception on board the satellite of 


radio waves transmitted through the ionosphere); 
(2) Measurement of the ionospheric characteristics near the rocket or 

satellite using instruments installed on board. 
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The article of V. A. Misyura deals with the methods of the first 

group of tests. The basic disadvantage of this group of tests (from the view­
point of studying local atmospheric parameters) is that the'entire 
thickness of the atmosphere through which the radio waves pass affect the form 
of signals received. 

The basic advantage of the methods in the second group is that the 


measurebent results are completely independent of the characteristics of the 


atmospheric layers near the instruments on the satellite or rocket, and 


the processes which take place in it. In this case the instrument responses 


are completely determined by the small region near these instruments. How­


ever,the instrument responses are influenced by the perturbations created 


both by the instruments themselves and by the satellite or rocket. 


These so-called.probemethods began to be developed back in the 1920's 

by Langmuir and his associates for investigation of gas discharge plasma 
and at the present time are the basic methods used for measurements in a rela­
tively cold plasma with relatively low concentration and in weak magnetic 
fields. 

The ionosphere, as we shall see below, is an almost ideal medium for 


using the probe method. Investigations of the ionosphere have stimulated 


the development of probe methods. 
 For measurements in the ionosphere, 


we have used both the methods developed earlier and specially created ones. 


In the present article we shall look briefly at the theory of probe mea­


surements; let us examine the characteristics of measurements in the iono­


sphere; we shall discuss the methods used for ionospheric measurements; we 


shall cite theoretical and experimental informatioq about the influence of 


perturbations, created by a moving satellite, on the measurement results 


using the probe method; in conclusion let us pay attention to the prospects 


of utilizing this method. 
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BRIEF DISCUSSION OF THE THEORY 
OF PROBE MEASUREMENTS AND 

ITS LIMITATIONS 

The method of probes proposed by 1% 
Langmuir i n  1923 [l]involves  an 

Figure 1. Volt-Ampere Curve of t h e  electrical  probe, i .e. a s m a l l  elec-
Probe. 	 t rode  of sphe r i ca l ,  c y l i n d r i c a l  o r  

f l a t  shape, being introduced i n t o  t h e  

gas discharge plasma and the  probe 

p o t e n t i a l ,  given relative t o  t h e  cathode o r  anode, being va r i ed  r e l a t i v e  t o  

t h e  plasma p o t e n t i a l  at  t h e  s i te  of t h e  probe. The probe c h a r a c t e r i s t i c  o r  

the  so-cal led volt-ampere c h a r a c t e r i s t i c ,  i s  the  cur ren t  on t h e  probe versus  

the  probe p o t e n t i a l .  Figure 1 shows a t y p i c a l  shape of t h e  volt-ampere curve. 

It can be q u a l i t a t i v e l y  explained i n  t h e  following manner [ 2 ] :  a t  high negat ive  

p o t e n t i a l s  of t h e  probe t h e  cur ren t  on i t  i s  determined by t h e  cur ren t  of 

pos i t i ve  ions ,  s i n c e  t h e  thermal e l ec t rons  may not  overcome t h e  r e t a rd ing  

f i e l d  of t he  probe (segment AB); with a decrease i n  t h e  nega t ive  p o t e n t i a l  

an e l ec t ron  cur ren t  begins t o  a f f e c t  t h e  probe; t h i s  cur ren t  i n i t i a l l y  determin­

ed by t h e  f a s t e s t  e l ec t rons .  This expla ins  t h e  more rap id  decrease i n  cur ren t  

on segment BC than on segment AB, and i t s  subsequent change i n  s ign  (poin t  C) 

wi th  p o t e n t i a l s  on t h e  probe even lower than t h e  plasma p o t e n t i a l  a t  t h e  s i t e  

of t h e  probe. After the  cur ren t  changes s ign ,  i t  increases  abrupt ly  with a 

reduct ion i n  t h e  negat ive p o t e n t i a l  (segment CD), reaching va lues  i n  absolu te  

magnitude t h a t  are approximately two orde r s  g r e a t e r  than on t h e  segment AB. 

Even i n  t h i s  region (CD) t h e  e l ec t ron  cur ren t  exceeds the  ion  cur ren t  s i g n i f i ­

can t ly .  Near t h e  p o t e n t i a l  of t he  probe, equal t o  t h e  plasma p o t e n t i a l  (po in t  

D), t h e  l a w  governing the  increase  i n  cur ren t  changes s i n c e  the  e l ec t rons  are 

f i r s t  he ld  by t h e  f i e l d  of t h e  probe and then begin t o  b e  acce lera ted .  This 

change i n  t h e  l a w  goveming inc rease  i n  t h e  probe cur ren t  near  t h e  plasma 

p o t e n t i a l  appears as a more o r  less sharp bend i n  t h e  volt-ampere curve. 
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In order to find the plasma parameters it is necessary to compute the 


shape of the volt-ampere curve from a certain simplified theoretical schema­


tic and compare it with that observed. 


To develop the theory of probes it is important to introduce Langmuir’s 


concept for the layer of a space charge surrounding the probe. In fact, when 


the probe is injected into the plasma (just as when a rocket enters the 


ionosphere) it acquires a negative pofentia1,since the electron velocity ex­


ceeds the velocity of the positive ions and consequently the electron current 


at the initial moment is greater than the current of positive ions. In the 


steady state the total current on the body is equal to zero. Consequently, 


the probe acquires the potential V, determined from the conditions of equality 


of the currents. For an isotropic plasma containing only electrons and 


positive ions, this condition is determined by the equation 


e n p .  en,#, e++).4

4. -

where e is the electron charge; n+, ne are tbe concentrations of positive 

ions and electrons, respectively; v+, ve are their mean (ayithmetic) veloci­

ties with Maxwell distributionqwhich are related to the temperature T and the 
mass M by the formula v = (8kT/nM)’l2; Te is the electron temperature; k ­/97 


is the Boltzmann constant. From (1) it follows that any body in plasma 


(rocket or satellite in the ionosphere) when there are no other influences 


on the potential from other effects such as the photoeffect, secondary 


emission, currents of fast particles, etc., acquires a negative potential 


In this case a layer of a positive space charge is formed near the probe in 

which the electric field of the probe drops rapidly and the electron concen­
tration is significantly less than the ion concentration. Introduction of 

the Langmuir concept of a space charge layer is important for the following 

reasons: 
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(1) The current on the probe is computed by computing the movement of 


the charged particles in the space charge layer on the assumption that no 


collisions occur; 


(2) The limits of applicability of the theory become more distinct 
since the lack of collisions in the space charge layer means that the mean 
free path of the charged particles I will exceed the thickness of the 
space charge layer d significantly. 

To find the shape of the volt-ampere curve we solve the Poisson equation 


for the distribution of the potential in the layer. Depending on the sign 


of the potentia1,the equation has the form [31 

The boundary conditions for solution of (2) are given on the surface of the 
probe and at a certain distance from it, where the field of the probe may 
be assumed either equal to zero or small. The solution of ( 2 )  with boundary 
conditions determines the distribution of the potential in the layer which 


also determines the movement of the particles taking into account the laws 


of conservation. For spherical and cylindrical probes, we examine the 


movement of the particles by allowing for the laws of conservation for the 


movement in a centrally-symmetric field (laws of conservation of energy 


and momentum). To compute the volt-ampere characteristics of 


a flat probe we use the law of conservation of energy and the 


equation of continuity of the particle flux. 
 Such computations for 


spherical, cylindrical and flat probes were cited by Langmuir and his 


associates. 
 Let us note that the computations of the electron branch were 


valid and at the present are used for interpreting the results of probe 


measurements. 
 As far as the theory of the ion branch of the volt-ampere 


characteristics .is concerned, they required further refining (following the 


research of Langmuir). Since, in making measurements of the ionosphere, 
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computations of the ion current flowing to the probe must be made by allowing 
for the characteristics of the measurements (see below) there is no sense 
in examining this question in detail. Let us give the basic formulas accord­
ing to which the plasma parameters are determined in carrying out probe mea­
surements. For the current of particles moving in a retarding field: 

cnuzp=-4 (3) 

where s is the surface of the probe. Formula (3) is valid regardless of the 
shape of the probe and consequently the semilogarithmic dependence log I

P 
= 

f ( V )  in this range of probe potentials is a straight line whose slope deter­
mines the temperature 

The nature of this dependence may be explained by the fact that in the 


field of the repelling probe an equilibrium distribution must be established 


for the particles, i.e., the Boltzmann distribution. 


For attracting probe potentials: 


(a) For an Infinite Flat -....~Probe. 

i.e., 


where ne is the electron concentration in cm3; s is the surface of the probe 
in cm2; I is the value of the electron current in amperes.e 

(b) For a Long Cylindrical Probe. 
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where rP' rlaY 
are the radii of the probe and the space charge layer; 


CD (2) = -2 is the error function. 
lf;z 

In computing the conditions (eV
P
/kT) > 1 and (r2 /r2) >> 1, Formula ( 6 )

lay P 
is well approximated by the expression 

where 1 is the length of the cylindrical probe. From (7) it follows that 

where s is the surface of the probe in em 2 , I2 is the square of the electrone 
current in amperes and V

P 
is the voltage on the probe in volts. Proceeding 

from (8), Langmuir and Mott-Smith recommended a method for determining ne 
from the function I2 = f(V) and the point on the volt-ampere curve at which e 
the probe potential relative to the plasma is equal to zero, and from the 

2intersection of the rectilinear part of the function Ie = f(V) with the 
axis Ie = 0. However, in practice this method is used rarely in a gas dis­
charge plasma since it is rather complicated to satisfy the conditions of 
its use [ 4 ] .  In 1961 this method was successfully used for measurements in 
a gas discharge plasma [51. 

(c) For a Spherical Probe. 
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Under the condition (r2 /r2) >> 1, formula (9) is well approximated by the -lay P /99 
expression 

which represents the linear dependence of the current I on the voltage V 
e 

on the probe. 


In interpreting the volt-ampere characteristics of the probe we must 


first approximately determine the zero potential of the probe relative to the 


plasma (space potential at the site of the probe) based on the bend in the 


curve at point D (see Figure 1); the bending point is clearer on the semi-


logarithmic curve). Then the ion branch of the curve (segment AB) must be 


extrapolated to the right of point B up to the point at which the probe 


potential is equal to the space potential and the ion current subtracted from 


the probe current to determine the electron branch. We then plot the func­


tions I = f(V), In Ie = f(V), I2 = f(V) and determine Te, ne from the formu­e e 
las. The value of the electron and ion concentrations based on the strength 

of the current at the point at which the probe has zero potential relative 
to the plasma is determined by (5). All these cited formulas are valid for 
a Maxwellian velocity distribution of charged particles. If there is no 

Maxwellian velocity distribution (which is determined by the presence or 

absence of a rectilinear part in the semilogarithmic curve), according to 

Dryuvesteyn, the law governing electron energy distribution is determined 

from the value of the second derivative of the volt-ampere characteristic 

[41 

The practical utilization of probes is complicated by a number of fac­


tors such as perturbation of the plasma by the probe itself (change in the 


electric field inside the plasma, depletion of the plasma due to at­


traction'ofcharged particles to the probe), photoemission and secondary 


emission from the surface of the probe, etc. Therefore, ever since the 
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probe method appeared, and s t i l l  a t  t h e  present  time, many d i f f e r e n t  re­

finements have been proposed. Unfortunately i t  is impossible t o  examine 

a l l  t hese  proposals  i n  d e t a i l .  L e t  as look only a t  t h e  most important pro­

posa ls  and those which have d i r e c t  app l i ca t ion  t o  measurements i n  t h e  iono­

sphere. Even Langmuir himself began t o  use diode probes f o r  separa t ing  t h e  

cu r ren t s  of p a r t i c l e s  of un l ike  s ign  [61. I n  t h e  1950's Boyd used t h e  diode 

probe f o r  sh i e ld ing  plasma from t h e  probe f i e l d  [ 7 ] ,  and N. I. Ionov pro­

posed t h e  use of a t r i o d e  f l a t  probe i n  which t h e  p o t e n t i a l  d i f f e rence  bet­

ween t h e  two e l ec t rodes  could be maintained constant .  A s u b s t a n t i a l  cont r i ­

but ion  w a s  made t o  t h e  method of probe methods by inves t iga t ion  of t h e  probe 

opera t ion  under dynamic condi t ions ,  i .e.,  when, along wi th  t h e  slowly varying 

(usua l ly  i n  a sawtoothed manner) vo l tages ,  low amplitude harmonic s i g n a l s  

w e r e  a l s o  fed  t o  t h e  probe [ 9  - 121. This  made i t  poss ib l e  t o  ob ta in  t h e  

de r iva t ives  of t h e  volt-ampere c h a r a c t e r i s t i c s .  F i n a l l y  w e  must mention : the 

development of t h e  theory of t h e  double probe method i n  1950 [13 -151 which 

is used i n  a gas  discharge plasma f o r  t h e  purpose of lowering the  inf luence  

of t h e  c u r r e n t s  flowing t o  t h e  probe o r  t o  t h e  plasma being s tud ied ,  o r  i n  

e l ec t rode le s s  discharges.  

MEASUREMENT CHARACTERISTICS I N  THE IONOSPHERE 

Ionospheric plasma, beginning from a l t i t u d e s  of % 100 km, i s  an  almost 

i d e a l  medium f o r  using probe measurements s ince  a t  these  a l t i t u d e s  i n  t h e  

ionosphere t h e  mean f r e e  pa th  of t h e  p a r t i c l e s  i s  s i g n i f i c a n t l y  g r e a t e r  

than t h e  th ickness  of t h e  space charge l a y e r  ( i . e . ,  t he  bas i c  assumption 

concerning l ack  of c o l l i s i o n s  i n  t h e  l aye r  i s  v a l i d ) .  As an example, f o r  

t h e  worst  case ( a l t i t u d e  of 100 km) w e  can c i te  t h e  following numbers: mean 

f r e e  pa th  Z 2 1 0  cm, th ickness  of t h e  space charge l a y e r  d near  t h e  f l a t  __/ loo  
probe (when V = 5kTe/e, Te = 600' K and ne = 104 c m-3 ) is equal  t o  % 5 cm. 

Below t h i s  a l t i t u d e  use of t h e  Langmuir probes is n o t  t h e o r e t i c a l l y  j u s t i ­

f i e d ,  although a t tempts  have been made t o  develop a theory of probe mea­

surements f o r  t h e  cases of d : [16 - 181. On t h e  o the r  hand t h e  increase  

i n  t h e  mean f r e e  pa th  and t h e  decrease i n  t h e  concentrat ion of charg.ed 
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p a r t i c l e s  i n  comparison with t h e  corresponding parameters i n  t h e  gas  d i s ­

charge plasma l ead  t o  a smoothing ou t  of t h e  bend i n  t h e  volt-ampere curve 

near  t h e  space p o t e n t i a l .  

I n  making probe measurements i n  the  ionosphere w e  should take  i n t o  

account t h e  following f a c t o r s .  

(a) The probe p o t e n t i a l  v a r i e s  relative t o  t h e- body _of- t h e  rocket  o r  

satell i te.  Thus, i n  making measurements i n  t h e  ionosphere w e  must examine 

t h e  opera t ion  of two probes (one of which is a re ference  probe).  This follows 

from t h e  f a c t  t h a t  t h e  t o t a l  cu r ren t  on t h e  e n t i r e  system (probe-rocket o r  

s a t e l l i t e  body) as a whole must be equal t o  zero.  Consequently, t h e  increase  

i n  e l ec t ron  cu r ren t  i n  t h e  c i r c u i t  of t h e  probe must be compensated by t h e  

increase  i n  ion  cu r ren t  on t h e  su r face  of t h e  rocket  o r  sa te l l i t e .  Therefore 

t h e  problem of compensating t h e  cur ren t  flowing t o  t h e  probe i s  important 

i n  using t h e  probe method. Computations show t h a t  t h e  su r face  of t h e  probe 

must be approximately t h r e e  orders  smaller than the  conducting p a r t  of t h e  

sur face  of t h e  body wi th  respec t  t o  which t h e  probe p o t e n t i a l  v a r i e s ,  s o  chat  

t he  p o t e n t i a l  of t h e  re ference  body remains p r a c t i c a l l y  constant  with change i n  

the  probe p o t e n t i a l  [19, 201. 

(b) Photoemission due t o  s o l a r  u l t r a v i o l e t  and X-radiatisn-from­-

t h e  sur face  of t h e  probe may inf luence  t h e  volt-ampere c&axac=teristi_cs, The - - _  

value of t he  photocurrent  dens i ty  from metal sur faces ,  according t o  the  da t a  


of rocket  and sa te l l i t e  tests, i s  equal  t o  approximately 5.10-' A-cm-2 i n  


t he  F region [21, 221. This cur ren t  dens i ty  corresponds t o  the 


e lec t ron  cur ren t  dens i ty  with a concentrat ion of n = 5'10 3 emm3 and 

e 

a temperature of T e ­a 1030 K. Therefore,  without using s p e c i a l  measures 

t o  suppress t h e  photoemission, measurements with a o n e - e l ec t rode  probe are 

poss ib le  i n  t h e  i r r a d i a t e d  p a r t  of t h e  ionosphere up t o  a l t i t u d e s  of about 

1000 km. Besides t h i s  w e  must t ake  i n t o  account t h e  v a r i a t i o n  i n  poten­

t i a l  of t h e  rocket  o r  s t ae l l i t e  due t o  t h e  photoef fec t  (and t h e  p o s s i b i l i t y  or 

probe measurement of t h e  photocurrent flowing from t h e  su r f  ace  of t h e  rocket  



--- 

- -  

or satellite). 


_ - _(c) The radio transmitters installed -on the-rocketor satellite may 
influence the probe measurements. This influence may appear either in the 
form of stray pickups by the probe circuit, or in variations in tempera­

ture or electron concentration near the probe, or in the excitation of 
fluctuations in the ionosphere,or in the change in potential of the reference 
body due to increase in the electron current on the antennas of the trans­
mitter. 

(d) The escape of gas from the rocket or satellite-and-desorption from_­~ 

their skin may decrease the concentration of- _  _ _  - charged particles-near the probe. 

Therefore, in carrying out probe measurements in the ionosphere one must take 


special measures to decrease the desorption and gas separation. Removal of 


this effect in several experiments may be attained by separating (dumping) 


the equipment from the rocket or by separating the propellent assembly from 


the container with the equipment. 


(e) The
_ _ _  _ _probes 
used -tocarry out the measurements-are__-installed on- ­

_- _ _  __\yehiclgsmoving at velocities either comparable to or exceeding 
the thermal 


velocixof the positive ions. This leads to a redistribution of the parti­


cle density around the rocket and satellite and changes the shape of the 


ion branch of the volt-ampere curve. 
 The effect which atmospheric perturba­


tions near the moving equipment have on measurements using the probe method 
will be examined below. The shape of the ion branches of the volt-ampere 
curves for a spherical probe, installed on board a satellite, was first com­
puted by K. I. Gringauz, V. V. Bezrukikh and V. D. Ozerov in interpreting 
the measurements carried out on the third'soviet Earth satellite 1231. A 

schematic representation of 'flowof an ion stream around a spherical trap 
is shown on Figure 2 a, from which it follows that the effective 
collecting surface of the trap varies as a function of the potential on the 
trap relative to the plasma. A schematic of the ion movement near the 
trap is shown on Figure 2 b, on the assumption that the ions move in the 
centrally-symmetric electric field of the trap. This assumption, strictly 


speaking, is not valid since a perturbed region is formed during the move­


ment of the trap at a velocity which exceeds by approximately one order the 
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Figure 2. Movement of t h e  Trap i n  Plasma 

a, Schematic of t he  Flow of t h e  Ion Flux Around a Spherical  
Trap ($I is t h e  Trap P o t e n t i a l  Relative t o  t h e  Ionospheric 
Plasma); b. Schematic of t h e  Movement of an Ion Near t h e  

is t h e  Radius of t h e  Ef fec t ive  Cross Sect ionTrap (= t , e f f  
of t h e  Trap; a0 ,max and at ,max are t h e  Maximal Angles Be t ­

ween t h e  Direc t ion  of t h e  Ion Veloci ty  and i t s  Radius-Vec­
t o r ,  f o r  Which the  Ion i s  Inc ident  on t h e  Txap). 

v e l o c i t y  of t h e  ions  behind t h e  t r a p  ( i n  a d i r e c t i o n  counter  t o  t h e  v e l o c i t y  

vec tor ) .  Although s tudy of t h i s  e f f e c t  w i l l  be c a r r i e d  out  below, l e t  us  

mention here  t h a t  t h e  cu r ren t  on t h e  sphe r i ca l  probe is  crea ted  b a s i c a l l y  

by ions  inc ident  on t h e  f r o n t  ( i n  t h e  d i r e c t i o n  of t h e  v e l o c i t y  vector)  of 

t h e  t rap .  Therefore t o  prove t h e  v a l i d i t y  of t h e  assumption on ion  movement 

i n  a centrally-symmetric f i e l d , i t  i s  s u f f i c i e n t  t o  show t h a t  t h e  equipoten­

t i a l  su r faces  from t h e  f r o n t  of t h e  t r a p  have a sphe r i ca l  shape. A s  w i l l  

be  shown below, t h i s  i s  t h e  case. I f  w e  use t h e  l a w  of conservat ion of 

momentum 

UT l a ys i n a0 = vtTts i n  a
t 

[where u is t h e  speed of t h e  satel l i te ,  rt is t h e  r ad ius  of t h e  t r a p  (probe), 

v 
t 

is t h e  v e l o c i t y  of t h e  ion  a t  t h e  sur face  of t h e  t r a p ,  a
0 

and a 
t 

are t h e  

angles  between t h e  d i r e c t i o n  of t h e  ion v e l o c i t y  and i t s  radius-vector (see 
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Figure 2 b)] ;  and i f  w e  use t h e  l a w  of conservat ion of energy 

mi+ miu: 
2 =--q2 

(where 4 is t h e  p o t e n t i a l  of t h e  t r a p  relative t o  t h e  plasma), we f ind  t h e  

equation f o r  t h e  ion  branch of t h e  volt-ampere curve: 

where a is  t h e  t ransmission c o e f f i c i e n t  of t h e  t r ap ,  u i s  t h e  speed of t he  

s a t e l l i t e .  Reference [23] g ives  t h e  volt-ampere curves by allowing f o r  t h e  

thermal v e l o c i t i e s  of t h e  ions  (Figure 3), although t h e  expression f o r  t h e  

cur ren t  on t h e  sphe r i ca l  probes allowing f o r  t he  thermal velocit ies i s  no t  

given. Such an expression w a s  given la ter  by Sagalyn and Smiddy [24] and I102 

Medicus [25] and has  t h e  following form f o r  t h e  r e t a rd ing  po ten t i a l s :  

where 

The p rec i se  expression f o r  t h e  ion  branch of t he  volt-ampere curve of a f l a t  

probe w a s  given by Whipple [26]: 

where 

8 is t h e  angle  between t h e  v e l o c i t y  vec tor  and t h e  normal t o  t h e  probe 
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Figure 3. View of the Ion Branches of 

tie Volt-Ampere Curve, Computed for 


t 

Velocity of u = 8-105 cm-sec-1. 
1. T = 00 K; 2 .  T = 500' K; 3 .  T -­
1800O K; 4 .  T = 5000° K. 

surface, 0 (x) is the error function. 


From (13) it follows that the current 


on the segment of the infinite plane 


does not depend on the potential of 


this segment relative to the plasma 


(in the region of attracting poten­


tials). 

(f) The volt-ampere curves are 


plotted in the presence of the Earth's 


magnetic field. Besides this, the 


fluenced by the magnetic fields 


created by the rockets or satellites 


themselves. There is no overall 


theory for the operation of probes in 


the presence of a magnetic field. 


However,in a gas discharge plasma for magnetic fields in which the 


cyclotron radius of the electron becomes smaller than the characteristic 


dimensions of the probe and the Debye radius, based on Baum's assumption, 


the ion branch is utilized for carrying out measurements involving probes. 


In this case we proceed from the following arguments. If the cyclotron 


radius of the particles is greater than the Debye radius and the char­


acteristic dimension of the probe, then the movement of the particles in the 


space charge layer may be studied just as in the absence of a magnetic field. 


Thus, it is assumed that in the presence of R magnetic field, instead 


of the mean free path of the particles we should bear in mind the 


cyclotron radius of the particle. The research of G. V. Spivak and E. M. 


Reykhrudel' showed that for a cylindrical probe the base radius is less 


than the cyclotron radius, and the magnetic field has practically no in­


flueace on the measurements of temperature and concentration of electrons I103 

[27 ] .  Smith notes in the methodology handbook of COSPAR (International 


Committee on Research in Outer Space) that in the unpublished lectures of 


F. F. Chen, the lack of any influence from the magnetic field on the mea­
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surements of electron temperature was established even in the case where the 


cyclotron radius of the ion is greater than the radius of the probe and the 


Debye radius [20]. However in this latter case the value of the electron 


current flowing to the probe is decreased. 


PROBE MEASUREMENTS IN THE IONOSPHERE 


To investigate the ionosphere, probe methods began to be used in 1946 
during the time of the first V-2 rocket launches in the USA. In 1946 ­
1947 three experiments were carried out with a Langmuir probe used as the 
front of the rocket (truncated cone) insulated from the remaining part of 
the rocket. The probe potential relative to the body of the rocket varied 
linearly from -22.5 V to 22.5 V for a period of 0.5 sec. The volt-ampere 


characteristics of the probe were transmitted on telemetric lines. Since 


the areas of the probe and the rocket body in these experiments were compar­


able, a double probe was in fact used, the theory of which begap to be 


developed only during the 1950's. Therefore a detailed description of the 


experiments by Hock, Spenser and Dow was done only in 1953 [28]. Because 


of the complex shape of the probe,no complete computation of the volt-ampere 


characteristics could be done and the data on the concentration of charged 


particles obtained in these experiments are apparently incorrect. In spite 


of the unsuccessful determination of the parzimeters, these experiments 


showed that by allowing for the characteristics of the measurements the 


probe method is applicable for investigations in the ionosphere. 


The first reliable results using the probe method were obtained by 
K. I. Gringauz, V. V. Bezrukikh and V. D. Ozerov in 1958 OQ the third Soviet 
satellite when the characteristics of the measurements in the ionosphere 
were taken into account [19, 231. The ion branch of the volt-ampere curve 
was used for the measurements so that the magnetic field could be disre­
garded. For the purpose of decreasing the influence of orientation on the 


measurements,a spherically shaped probe was used. The effect of 
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Figure 4. Spherical  Ion Trap. 

Pos i t ion  of t h e  Spherical  Trap on t h e  Satel l i te :  tl, t2 are 
the  t r aps ;  al' ci2 are t h e  Adjusting Rods. 

photocurrent w a s  reduced by determining t h e  accumulation of ions  

from the  p o t e n t l a l  and t h e  dimensions of t h e  mesh enc losure  (10 cm diameter) ,  
but  t he  photocurrent which could exe r t  an inf luence  on t h e  measurements w a s  

determined by an i n t e r n a l  c o l l e c t o r  (3 c m  diameter).  The ou t s ide  diameter 
of t h e  sphe r i ca l  ion  t r a p  is shown on Figure 4 a. The accumulation of a l l  
t h e  ions  passing through the  inner  g r i d  w a s  a t t a i n e d  by having a negat ive  

vol tage  of - 150 V ,  wi th  re ference  t o  t h e  satel l i te  body, fed  t o  t h e  co l lec­

t o r .  Thus, the  e lectr ic  f i e l d  i n s i d e  t h e  t r a p  co l l ec fed  a l l  t h e  p o s i t i v e  

ions  and prevented e l ec t rons  with an  energy less t h a t  150 eV from reaching 

the  co l l ec to r .  In  order  t o  exclude measurements during those  moments of 

t i m e  when the  ion  t r a p  enters t h e  perturbed region behind t h e  shadow of the  

satel l i te  (with respec t  t o  the  v e l o c i t y  vec tor )  and along with t h i s  t o  ob­

t a i n  the  r e s u l t s  d i r e c t l y ,  two sphe r i ca l  ion  t r a p s  w e r e  i n s t a l l e d  over 
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Figure 5. Example of the Ion Volt-Ampere Curves. 


1. For the Trap tl; 2. For the Trap t2. 

diametrically opposed segments of the satellite on thin rods 65 cm long 


(Figure 4 b). Bipolar Pulses relative to the satellite hull were applied 
periodically (once every 2 sec) to the mesh enclosures of the traps: a positive 
pulse with am amplitude of 25 V and duration of 0.13 sec and a negative pulse 
with an amplitude of 15 V and a duration of 0.07 sec. Figure 5 chows an 
example of the ion volt-ampere characteristics obtained. Computation of the 
concentration of charged ions was done according to fomula(11). AS a 
result of this experiment, the following results were obtained on the third 

Soviet satellite on measuring the concentration of positive ions: 


(a) The region of the ionosphere first investigated was at altitudes of 


600 - 1000 km; 


(b) It was established that at the altitude at which the satellite flew /lo4 


the electron concentration is equal to the concentration of positive ions; 


(c) The decrease in concentration of charged particles with increase 
in altitude in the outer ionosphere during the period of maximum solar activ­
ity (1958) takes place more slowly than does its increase with increase in 

altitude in the region lying below the layer maximum; at an altitude of 1000 
km the concentration of charged particles reaches Q, 6*104cm-3. 
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Triode ion  t r a p s  [29] w e r e  i n s t a l l e d  on th ree  Soviet  l una r  rocke ts  i n  

1959. Figure 6 a shows t h e  pos i t i on  of t h e  t r a p s  on t h e  rocket  "Luna-2". 

Figure 6 b shows t h e  schematic of t h e  t r i o d e  t r aps .  I n  these  experiments, 

designed t o  i n v e s t i g a t e  ou te r  space, K. I. Gringauz, V. V. Bezrukikh, V. D. 

Ozerov and R. Ye. Rybchinskiy f i r s t  used a s p e c i a l  g r i d  with a negat ive  

p o t e n t i a l  r e l a t i v e  t o  t h e  c o l l e c t o r  f o r  suppressing photoemission. Later t h i s  

method f o r  suppre'ssing photocurrent i n t e r f e rence  began t o  b e  used q u i t e  

widely both i n  Soviet  instruments  and i n  fo re ign  ones. This made i t  poss ib l e  

t o  decrease the  va lue  of t h e  photocurrent and thus measure s m a l l  

ion  cu r ren t s  and e s t a b l i s h  t h a t  t he  ion ized  gas mantle of t h e  Earth 

s t r e t c h e s  ou t  i n  t h e  equa to r i a l  plane t o  an  a l t i t u d e  of approximately 20,000 

km above t h e  su r face  of t h e  Earth.  The concentrat ion of charged p a r t i c l e s  

a t  these  a l t i t u d e s  i s  102 cmm3 and above t h i s  level i t  is less than 10  ~ m - ~ .  

I n  t hese  experiments var ious  cons tan t  vo l tages  from -10 e V  t o  + 15 V relative t o  

t h e  conta iner  body w e r e  fed  t o  t h e  mesh enclosures  of t h e  t r a p s  (with t h e  ex­
cept ion  of t h e  test on t h e  rocke t  ttLuna-311). This a l s o  made i t  poss ib l e  

t o  d i s t ingu i sh  t h e  thermal plasma (with an energy of % 1 e V )  s ince  no vo l t age  

appeared on the  ex te rna l  g r i d s  a t  f requencies  having an  energy g r e a t e r  than 

15  eV.  Computation of t h e  ion concentrat ion w a s  made according t o  the  va lue  

of t he  c o l l e c t o r  cu r ren t  i n  t h e  t r a p  with zero p o t e n t i a l  on t h e  mesh 

enclosure from formula (13) ,  i .e .  on t h e  assumption t h a t  t he  t r a p  is a segment 

of t h e  i n f i n i t e  plane. 

The successfu l  completion of t h e  experiment on t h e  t h i r d  Soviet  sa te l l i t e  1105 

served as t h e  beginning of t h e  use of t h e  probe method f o r  measurements i n  

t h e  ionosphere i n  d i f f e r e n t  count r ies .  We s h a l l  confine ourse lves  only t o  an  

examination of t he  tests which are e i t h e r  of methodological i n t e r e s t  o r  which 

introduce s u b s t a n t i a l l y  new concepts concerning t h e  ionosphere. 

A group of U.S. s c i e n t i s t s ,  beginning wi th  November 1958 and con­

t inu ing  u n t i l  t h e  present ,  has used a double probe f o r  i nves t iga t ing  t h e  

ionosphere; t h i s  probe i s  separated from t h e  rocke t  during t h e  ascending 
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Fkgure 6 .  Container with S c i e n t i f i c  Equipment, I n s t a l l e d  on Board t h e  
Rocket "Luna-2". 

a. Pos i t i on  of t h e  Triode Ion Trap; b.  Schematic of t h e  Trap;  1. Col lec tor ;  
2. Anti-photelectron Grid; 3 .  Enclosing Kesh; V

1' Vz,  V3 are the  Voltages 
on t h e  Electrodes,  Given Relative t o  t h e  Body of t h e  Container.  
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branch of i t s  t r a j e c t o r y  a f t e r  t h e  

engine i s  turned o f f  [30 - 331.  The 

design of t h e  probe va r i ed  s l i g h t l y  i n  

order  t o  measure a l a r g e  number of 

parameters. Figure 7 shows t h e  design 

of one such probe. Separat ion of t h e  

probe from rocket  permit ted decreasing 

the  pe r tu rba t ions  c rea t ed  near  t h e  

sur face  of t h e  rocke t .  W e  should men-Figure 7. Schematic of an Instrument 
f o r  Inves t iga t ing  the  Ionosphere. t i o n  t h a t  t he  experiments with such a 

1. Cyl indr ica l  Langmuir Probe; 2. probe were t h e  f i r s t  t o  e s t a b l i s h  the  

Guard Rings; 3 .  Double Probe. i nequa l i ty  between t h e  e l e c t r o n  temp­

e r a t u r e  (T ) and t h e  temperature o f  e 
t h e  	surrounding gas (T ) i n  t h e  ionosphere [31].

g 

In  1960 - 1961 i n  Japan during rocke t  launches a probe w a s  used with a 

small c h a r a c t e r i s t i c  su r f ace  [ 3 4 ] .  The probe cons is ted  of two crossed w i r e  

r i n g s  a t  an angle  of 900. The w i r e  diameter was 0.1 mm and t h e  r i n g  diameter 

w a s  4 mm. A vo l tage  of 100 V w a s  suppl ied t o  t h e  r i n g s  and t h e  ion cu r ren t  

was measured. In  car ry ing  ou t  t h e  experiments i t  w a s  assumed t h a t  t he  probe 

opera tes  a s  a compact sphe r i ca l  probe. The va lue  of t h e  photocurrent  i n  such 

a probe is low. To obta in  da t a  on t h e  concent ra t ion  of p o s i t i v e  ions  u t i ­

l i z i n g  such a p robe , i t  i s  necessary t o  c a r r y  ou t  experiments i n  a gas  d i s ­

charge tube f o r  t he  purpose of e s t ab l i sh ing  an empir ical  dependence between 

t h e  cur ren t  on the  probe and the  ion concentrat ion.  

An i n t e r e s t i n g  measurement program u t i l i z i n g  the  probe method w a s  done 

on the  American s a t e l l i t e  "Explorer V I I I "  [ 3 5 ] .  F l a t  diode and t r i o d e  t r a p s  

of charged p a r t i c l e s  w e r e  i n s t a l l e d  on board. It was found f o r  t h e  f i r s t  

t i m e  t h a t  i n  the  d iu rna l  v a r i a t i o n  of the e l e c t r o n  temperature t h e r e  i s  a maximum 

during sunr i se .  

On t h e  s a t e l l i t e  1tK~smos-2", launched Apr i l  6 ,  1 9 6 2 ,  f l a t  and sphe r i ca l  
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Figure 8. Traps Used i n  t h e  Experiments on Board t h e  
S a t e l l i t e  "Kosmos-2". 

a. Spherical ;  b. F l a t ;  c. Hemispherical; d. Honeycomb. 

t r i o d e  t r a p s  w e r e  i n s t a l l e d  t o  measure n i' c y l i n d r i c a l  Langmuir probes w e r e  

i n s t a l l e d  t o  measure n and Te,  and f o r  t h e  f i r s t  t i m e  an i o n  t r a p  w a s  used e 
with a "honeycomb" adapter  t o  measure T i (Figure 8) [36 - 381. The ion  

tra.? w i t h  t h e  hnnevcomb adaoter  i s  a t r i o d e  devi.ce conni.cti.no n f  a c n l l e c t n r  

and an an t iphotoe lec t ron  g r i d  serving t o  suppress t h e  photocurrent from t h e  

c o l l e c t o r  and an e x t e r n a l  honeycomb adapter  connected t o  t h e  s a t e l l i t e  body. 

The honeycomb adapter  c o n s i s t s  of a set  of tubes adjoining one another ,  i .e ,  

the "honeycombs". It i s  obvious t h a t  t h e  d i r e c t i o n a l  p r o p e r t i e s  of such a / l o 7  

t r a p  remain t h e  s a m e  as i n  a s i n g l e  tube,  bu t  t h e  c o l l e c t o r  c u r r e n t  increases  

i n  proport ion t o  t h e  number of tubes.  With the  given shape of t h e  tube t h e  

form of t h e  dependence of the c o l l e c t o r  c u r r e n t  relative t o  t h e  vec tor  of 

t h e  incoming c u r r e n t  is determined by t h e  ion  temperature ( T . )  and t h e  ion  
1 
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Figure 9. Computed Dependence of t h e  
Function F on Temperature Ti f o r  J, = 

0 and f o r  R/L = 0.1057, 0+ ions ,  Ve­
l o c i t y  of Sa te l l i t e  u = 7.5 km/sec. 

w I  

Figure 10. Example of Experimental 
Recording of t h e  Col lec tor  Current 
from a Honeycomb Trap, Obtained on 

t h e  Satel l i te  11K0sm0s-2". 

mass. The c o l l e c t o r  cu r ren t  i n  such a t r a p  i s  determined by t h e  expression 

where e sun+ is  t h e  cu r ren t  i n  t h e  t r a p  when T = 0 and t h e  v e l o c i t y  vec to r  

co inc ides  with t h e . a x i s  of t h e  c ros s  s e c t i o n s  of a l l  t h e  t r a p s ;  u i s  t h e  

speed of t he  sa te l l i t e ;  s is t h e  sum of c ros s  sec t ions  of a l l  t h e  tubes;  

is a func t ion  which determines t h e  dependence of c o l l e c t o r  cu r ren t  on or ien­

t a t i o n  and temperature; R/L i s  t h e  r a t i o  of t h e  c r o s s  s e c t i o n  of t he  tube t o  

t h e  length;  J, i s  t h e  angle  between the  a x i s  of t he  t r a p  and t h e  v e l o c i t y  

vec to r  of t h e  satel l i te .  The func t ion  F when Ti # 0 i s  a quin tuple  i n t e g r a l  

which i s  no t  expressed i n  a n a l y t i c a l  form and must be computed on an elec­

t r o n i c  computer. The r e s u l t s  of t h e  computation f o r  t h e  t r a p  i n s t a l l e d  on 

board t h e  sa te l l i t e  1tKosmos-2", f o r  J, = 0 are shown on Figure  9 [37], from 

which i t  is  clear t h a t  t h e  maximally poss ib le  cu r ren t  i n  t h e  t r a p  (with 

coincidence of t h e  axes of t h e  tubes with t h e  v e l o c i t y  vec to r  of t h e  satel­

l i t e )  depends s t rong ly  on t h e  temperature of t h e  p a r t i c l e s .  L e t  u s  mention 

t h a t  t h e  r e l a t i o n s h i p  with o r i e n t a t i o n  ($) a l s o  depends on Ti. Such a de-

I108  
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Figure 11. Simultaneous Recordings of Currents  from t h e  Langmuir 
Probe and the  Ion Trap on t h e  S a t e l l i t e  "Kosmos-2". 

a. 	 Semilogarithmic Curve (Points)  and the  Function I2 = f(V) (Lines) ;e 
b. 	 T i m e  Dependence of t h e  Col lec tor  Current i n  a P3Honeycomboi 

Ion Trap. 

i on  t r a p  onpendence of t h e  c o l l e c t o r  cu r ren t ,  i n  a PPhoneycombP2 


Ti permits determining t h e  temperature of t he  ions  with s u f f i c i e n t l y  good 


accuracy. An example of an  experimental  recording of t h e  c o l l e c t o r  cu r ren t  


from t h e  honeycomb-type t r a p  obtained during the  f l i g h t  of t h e  s a t e l l i t e  

I1 Kosmos-2" i s  shown on Figure 10. Figure 11 shows t h e  c h a r a c t e r i s t i c s  of t h e  


c y l i n d r i c a l  Langmuir probe measured during t h e  f l i g h t  of t he  sa te l l i t e  "Kos­


mos-2" simultaneously with t h e  dependence of t h e  c o l l e c t o r  cu r ren t  from t h e  


honeycomb-type ion  t r ap .  The r e s u l t s  of t h e  computations f o r  these  charac te r ­ 


ist ics g ive  an e l ec t ron  temperature which exceeds by more than 


two t i m e s  t he  va lues  of t h e  ion temperature [381. This i n d i c a t e s  an absence 


of thermal equi l ibr ium i n  t h e  ionosphere a t  a l t i t u d e s  of t h e  F2 l aye r .  From 


t he  methodological po in t  of view i t  is of i n t e r e s t  t o  look a t  t h e  expression 

2shown on Figure 11: Ie = f(Vp). I n  f a c t ,  t h e  c o r r e l a t i o n  of t h e  va lues  of 

n e and Te computed by two methods according t o  ( 4 ) ,  (5) and (8) shows t h a t  
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$&re 12.  A l t i t u d e  Dependence of the,  Concentration of P o s i t i v e  Ions 
(Measured along t h e  Orb i t  of t h e  Satellite). 

1. Unilluminated Segkents of t h e  Orbi t ;  2. I l luminated Segments; 
3. Lati tude.  Eioscow Time. Change i n  Al t i t ude  from Lef t  t o  Right. 

i n  measurements of ionospheric plasma 

the  condi t ions f o r  u t i l i z i n g  (8) can be 

e a s i l y  s a t i s f i e d .  

Figure 12 shows graphs of t h e  var­

i a t i o n s  i n  p o s i t i v e  ion concentrat ion 

along t h e  o r b i t  of t h e  satellite "Kos­
mos-2", p l o t t e d  i n  t h e  form of a func­

t i o n  of a l t i t u d e  above t h e  Earth. The 

value of n+ w a s  obtained according t o  

d a t a  from t h e  system of f l a t  t r a p s  in­

s t a l l e d  on board t h e  satel l i te  [391. 

Figure 13. Theoret ical  ~ o r mof 
the  Yo l t -hpe re  Curve of t h e  Analysis of t h e  volt-ampere char-
sphe r i ca l  Ion Trap i n  the Case 
of Recording Ions with Di f f e ren t  

acteristics of t h e  sphe r i ca l  ion t r a p s ,  

hsSe%and its Derivatives.  i n s t a l l e d  on board t h e  satellite "Kos­

m ~ s - 2 " ~permitted i n v e s t i g a t i o n  of t h e  

a l t i t u d e  d i s t f i b u t i o n  of i ons  a t  a l t i t u d e s  of 500 - 700 km. K. I. Gringauz 

and M. Kh. Zelilanan 1191 f i r s t  showed t h e  mass-spectrometric p o s s i b i l i t i e s  of 

i on  t r a p s  on board a satel l i te .  Such a p o s s i b i l i t y  follows from (11). Fig­

u re  13 shows t h e  type of volt-ampere characteristic of t h e  sphe r i ca l  i on  t r a p  

i n  the  case of i ons  being present  i n  t h e  ionosphere wi th  d i f f e r e n t  masses. 
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This same figure shows the first and second derivative of the current with re-\\
/ lo9-

spect to voltage. Thus, the ion trap on board the satellite is the simplest mass-
spectrometer with a low resolving power. However the ions of oxygen, helium 
and hydrogen, the basic ions at altitudes above 300 km, may be different in 
the case of significant relative concentrations. Graphic differentiation of 
the volt-ampere characteristic from the ion trap yields significant errors. 
Ori the Anglo-American satellite "Ariel I" launched April 26, 1962, the 
differentiation of volt-ampere characteristics was done by superposing two 
low-amplitude harmonic signals (bl sin wlt 9 b2 sin w2t) onto a sawtooth-
varying voltage. When the low-amplitude harmonic signal is superposed onto 
the slowly varying voltage, the volt-ampere characteristic i = f(V) may, for 
any given voltage on the probe Vo, be expanded in a Taylor series: 

From (15) it is clear that the first derivative of the volt-ampere charac- /110 

teristic is proportional to the frequericies w1 and w 2' and the second de­
rivative (aftet transformation) is proportional to the term containing 
w2 -+ w1' Thus, if we make the measurement of current at frequencies of w1 Or 
w2; w2 + w1 or w2 - w1, we can find the first and second derivative of the 
volt-ampere characteristic with respect to voltage. 

To measure the ion composition and temperature we used a spherical diode 
trap with mesh etlclosure diameter of 10 cm and collector diameter of 9 
cm [ 4 0 ] .  To measure the electron temperature we used two flat probes with a 
guard ring, one of which was installed on a rod (about 1 m long) and the 
other directly on the surface of the satellite [41]. The amplitude of the 
harmonic signals was 35 and 54 mV, respectively, for frequencies of 500 and 
3000 Hz. The form of the second derivatives of the ion branch of the volt-
ampere characteristic obtained on the "Ariel I" is shown on Figure 14. From 

this figure it is clear that O', H+ and He+ ions can be ,easilydistin­
guished. We should mention that the half-width of the peaks on Figure 14 is 
determined by the ion temperature so that the second derivative of the ion 
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Figure 14. Experimental Recording of 
t h e  Second Derivative of t h e  Ion 
Branch of t h e  Volt-Ampere Curve of 
t h e  Spherical  Trap, Obtained During 
the  F l igh t  of t h e  S a t e l l i t e  " A r i e l  

I". 

I - - J0 
w7 40 20 0 20 I O  60" N 

Figure 15. La t i t ude  Dependences of 
Concentration and Temperature of 
Elec t rons  a t  an A l t i t u d e  of 1000 km 
from t h e  Data of t h e  Cy l ind r i ca l  
Langmuir Probe I n s t a l l e d  on t h e  

S a t e l l i t e  "Explorer XXII". 

branch of t h e  volt-ampere curve of the  probe, i n s t a l l e d  on board t h e  sa te l l i t e ,  

permits measuring Ti 1421. To s tudy t h e  m a s s  composition of t h e  ions  we can 

a l s o  use the  f l a t  ion  t r a p  as w a s  shown i n  t h e  experiment on t h e  sa te l l i t e  

"Explorer V I I I "  [351. 

A sphe r i ca l  t r a p  w a s  used on board rocke ts  and satel l i tes  f o r  measuring 

t h e  temperature and concentrat ion of e l ec t rons  [24, 431. 

Cyl indr ica l  Langmuir probes w e r e  success fu l ly  used f o r  measuring t h e  ion 

concentrat ion and e l ec t ron  temperature on board t h e  sa te l l i t es  "Explorer XVII" 

and "Explorer XXII" [44, 451. A s  an  example,Figure 15  shows t h e  r e s u l t s  of 

measuring t h e  concentrat ion and temperature of e l ec t rons  obtained using the  

c y l i n d r i c a l  Langmuir probe on board t h e  sa te l l i t e  "Explorer XXII". 

To decrease t h e  inf luence  of photocurrents  on t h e  r e s u l t s  of t h e  probe 

measurements, which i s  e spec ia l ly  important f o r  experiments conducted a t  

a l t i t u d e s  above 1000 km, we can use modulation t r a p s  i n  which t h e  input  
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Figure 16. Modulation Trap f o r  
Studying Solar  Corpuscular Streams. 

cu r ren t  is modulated using vol tages  

supplied on one of the t r a p  g r i d s ,  and 

t h e  photocurrent from t h e  c o l l e c t o r  

remains constant .  Figure 16 shows 

t h e  modulation t r a p  used f o r  s tudying 

s o l a r  corpuscular streams ( s o l a r  

wind) on board Soviet  space sh ips  

[46, 471. The modulation t r a p  per­

m i t s  decreasing t h e  inf luence  of t h e  

photocurrent by approximately 106 

t i m e s .  

L e t  u s ' l ook  b r i e f l y  a t  t h e  high-frequency probes which a r e  widely used 

f o r  measurements i n  t h e  ioriosphere. Included i n  t h i s  group of probes are 

instruments i n  which t h e  ionospheric plasma inf luences  t h e  c i r c u i t s  which 
c a r r y  t h e  high frequency. The terminology has  not  been e s t ab l i shed  f o r  t h i s  

group of probes as ye t .  The high-frequency probe methods of measurements 

b a s i c a l l y  can be divided i n t o  two groups: the  method of t h e  resonance probe /111 

(or  high-frequency probe with a f l o a t i n g  p o t e n t i a l )  and the.methods ofim­

pedance probes (antenna, capac i tor  and radio-ftequency probes).  

The resonance probe method i s  based on t h e  f a c t  t h a t  when a high-fre­

quency vol tage  is fed  t o  the  probe an increase  takes  p lace  i n  t h e  cons tan t  

component of t he  probe cu r ren t  and ,  when t h e  frequency approaches t h e  

plasma frequency a resonance increase  i n  the  d i r e c t  cu r ren t  occurs. 1 f . t h e  

frequency of t he  high-frequency vol tage  i s  less than 10%of t h e  plasma f r e ­

quency then the  increment i n  d i r e c t  cur ren t  i s - independent  of frequency and i s  

determined by t h e  expression [ 4 8 ] .  

where i0 is  t h e  cu r ren t  of t h e  probe i n  t h e  absence of a high-frequency vol­

tage,  Io is  a modified Bessel func t ion  of zero order ,  A is t h e  amplitude 

of t h e  appl ied vol tage ,  e is  t h e  e l ec t ron  charge and k is t h e  Boltzmann 

constant .  
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From (16) i t  fol lows t h a t  t h e  r a t i o  of i nc reases  i n  t h e  probe cu r ren t  /112 

f o r  two d i f f e r e n t  amplitudes of t h e  high-frequency vol tage  A1 and A2 i s  

determined ( f o r  known A1 and A2) only by t h e  temperature of t h e  e l e c t r o n s  T e . 
I n  using t h i s  method of measuring T it should be borne i n  mind t h a t  t h e  probee 
must have a negat ive  p o t e n t i a l  r e l a t i v e  t o  t h e  plasma. Otherwise expression 

(16) can not  b e  used. 

The discovery of a resonance increase  i n  t h e  probe cu r ren t  by Japanese 

s c i e n t i s t s  when t h e  frequency of t h e  high-frequency vol tage  approaches t h e  

plasma frequency caused considerable  i n t e r e s t  throughout t h e  world. With t h e  

i n i t i a l  i n t e r p r e t a t i o n  of t h i s  phenomenon i t  w a s  assumed t h a t  t h e  resonance 

increase  takes  p lace  a t  a frequency which co inc ides  with t h e  plasma frequency 

and the re fo re  t h i s  method g ives  a very simple and r e l i a b l e  method f o r  mea­

sur ing  t h e  concentrat ion of e lec t rons .  However,development of t h e  theory 

[ 4 9  - 541 showed t h a t  t h e  resonance takes  p lace  a t  a frequency w which res 
d i f f e r s  from the  plasma frequency w

P l  
and is  determined (without allowing f o r  

t h e  inf luence of t h e  magnetic f i e l d  and t h e  c o l l i s i o n s )  by t h e  expression 

where rP i s  t h e - r a d i u s  of t h e  probe, rD i s  t h e  Debye rad ius ,  k is an empiri­

cal constant  which expresses  t h e  thickness  of t h e  space charge l a y e r  near  t h e  

probe i n  Debye r a d i i .  

Allowance f o r  t h e  c o l l i s i o n s  l eads  t o  a smoothing out  of t h e  resonance 

e f f e c t .  The inf luence  of c o l l i s i o n s  on t h e  resonance frequency and t h e  va lue  

of t h e  probe cu r ren t  ( a t  t h i s  frequency) can be ignored under t h e  condi t ion  

%&s+v2 (v  i s  t h e  frequency of c o l l i s i o n s ) .  Allowance f o r  in f luence  of 

t h e  magnetic f i e l d  l eads  t o  a change i n  w res [52]. 

Expression (17) is appl icable  only  under t h e  condi t ion a'-P I  (w H i s  

t h e  cyclotron p a r t  of t h e  e l ec t ron ) .  I f  t h i s  condi t ion  i s  no t  s a t i s f i e d  

then we must have knowledge of WH. 
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By t h e  middle of 1966 t h i s  method had been attempted several times i n  

t h e  l abora to ry  and i n  t h e  ionospheric  plasma [52, 551. The r e s u l t s  of t hese  ex­

periments confirmed t h a t  t h e  resonance does not  occur a t  t h e  plasma frequency, 

bu t  t h a t  ureS i s  determined by t h e  approximate expression (16). 

The var ious  so-cal led impedance methods are based on measuring var­

i a t i o n s  i n  capaci tance,  input  impedance, o r  emission impedance of a 


probe t o  which h igh  frequency i s  appl ied.  I n  several experi­ 


ments, t r ansmi t t e r  antennas w e r e  used as t h e  probes and w e r e  i n s t a l l e d  on 


board rocke ts  o r  satellites f o r  communication o r  o the r  purposes, and i n  


several experiments s p e c i a l l y  designed probes w e r e  used. The measurements 


are made both a t  f requencies  above t h e  plasma frequency and a t  lower frequen­


cies including t h e  cyc lo t ron  f requencies  of e l ec t rons  and ions .  The use of 


measurements a t  cyc lo t ron  frequencies  began a f t e r  t he  discovery ( i n  t h e  ex­


periments with t h e  ionospheric  s t a t i o n  on t h e  satell i tes "Alouette I" and 

IIExplorer XX") of r e f l e c t i o n s  on these  frequencies  and ,on t h e  hybrid frequency 

f;h(fh'Vf&+f;$, , where f H  i s  t h e  cyc lo t ron  frequency and f 
P l  

is t h e  plasma 

frequency. 

Figure 1 7  shows the  equiva len t  c i r c u i t  of an impedance probe used i n  

experiments on board satel l i tes  and rockets ,  and c a l l e d  a s tanding  wave 
impedance probe from t h e  way t h a t  measurements are made [56]. I n  t h i s  case,  

i f  t h e  inf luence  from t h e  magnetic f i e l d  and t h e  c o l l i s i o n s  can be ignored, 

f o r  t he  e l ec t ron  concentrat ion we f i n d  the  expression 

where C 2 i s  t h e  capaci tance of t h e  antenna i n  f r e e  space, Co = C1 + C2, 

C1 is t h e  capac i tance  of t h e  c i r c u i t  which bypasses t h e  capac i tance  of t h e  

antenna, Ax is t h e  v a r i a t i o n  i n  t h e  r e a c t i v e  component of t h e  antenna impedance. 

I n  measurements with high-frequency probes i n  t h e  ionosphere it should 1113 
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Figure 17. Equivalent C i rcu i t  of a 
Standing Wave Impedance Probe. 

C1 i s  t h e  Capacitance of t h e  C i r c u i t  

Which Bypasses t h e  Antenna Capaci­
tance; 2 is the Antenna Capacitance 
i n  Free Space; E is t h e  Dielectric 
Constant of t h e  Medium; R, i s  t h e  

I 


Resis tance of t h e  C i rcu i t ;  R2 is  t h e  

Active Resis tance Combined with t h e  
Radiat ion Resis tance of t h e  Antenna; 
L1 is t h e  Inductance Introduced f o r  

Matching t h e  Antenna wi th  t h e  Trans­
mission Line; L2 i s  t h e  Inductance 

of t h e  Antenna Itself. 

be borne i n  mind t h a t  t h e  high-fre­

quency f i e l d  exerts pressure  on the  

plasma nea r  t h e  probe ( a s  a r e s u l t  t h e  

e l e c t r o n  concent ra t ion  (n ) may be e 
lowered [57])  and t h a t  t h e  measure­

ments are made i n  t h e  space charge 

l a y e r  which surrounds t h e  probe i n  

t h e  plasma (see above), i n  which ne 

d i f f e r s  from ne i n  t h e  unperturbed 
ionosphere. For the purpose of re­

moving t h e  inf luence  of pressure  

c rea ted  by t h e  high-frequency f i e l d ,  

t h e  amplitude of t h i s  l a t te r  should 

be lowered. Allowing f o r  in f luence  

of t h e  space charge l a y e r  may be done 

by t h e  method of successive approxima­

t i o n s  (ne i s  f i r s t  determined without  

allowing f o r  t h e  space charge l a y e r  and 

then the  th ickness  of t h e  space charge 

l aye r  i s  computed under t h e  condi t ion  t h a t  t h e  probe p o t e n t i a l  i s  known, 

a f t e r  which ne is again computed, e t c . ) .  It i s  poss ib le  t o  e l imina te  the  

inf luence  of t h e  space charge l a y e r  by varying t h e  probe p o t e n t i a l ,  bu t  i n  

t h i s  case i t  is necessary t o  measure t h e  zero p o t e n t i a l  of t h e  probe relative 

t o  the  plasma, i.e. measurements similar t o  t h e  method of t h e  Langmuir probe. 

W e  should mention t h a t  t he  inf luence  of t h e  space charge l a y e r  on / 114 

measurements using high-frequency probes may t o  some degree b e  taken i n t o  

account by using several frequencies  and t h a t  t h i s  in f luence  is p r a c t i c a l l y  

absent  i f  w e  use e f f e c t s  on cyclotron and hybrid frequencies;  however 

i n  t h i s  l a t te r  case we must have knowledge of t h e  magnetic f i e l d  s t rength .  

The most i n t e r e s t i n g  r e s u l t s  using t h e  impedance methods are those  ob­
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tained on Soviet rockets [58] ,  

American rockets and satellites [59] 

and the Anglo-American Satellite "Ariel 
I" 1601. 

The large variety of probes used 
in the ionospheric experiments is due 

I7 LA, , , , 1 to the fact that better methods are 
I I 1 I , I 

?P' ru6 being sought both from the viewpoint of 

Figure 18. Simultaneously Measured accuracy of the measurements and 


Altitude Distributions of the Con- simplicity of the equipment and inter­

centration Of Charged from pretation of the measurement results. 


the Data of Different Methods. 

In many of the experiments, the results 


1. 	 Dispersion Interferometer and Ion of the measurements obtained by the
Trap (Points); 2. Ionospheric Sta­

tion on the Satellite "Alouette I"; different methods are compared for the 

3. Station of Incoherent Scatter- purpose of evaluating their reliabi­ing. 


lity. 


Figure 18 shows the results of charged particle concentration measure­


ments carried out simultaneously using a dispersion interferometer and 


ion trap installed on a rocket, the ionospheric station on board the 


satellite"Alouette I",and on the station of incoherent scattering [61]. 

From Figure 18 it follows that the altitude distributions of the charged 


particle concentration obtained by the various methods coincide within mea­


surement error. 


Simultaneous measurements were made on the American rockets using the 
various high-frequency methods and spherical and cylindrical Langmuir probes 
[55]. These measurements confirm the conclusions on the high-frequency 
methods given above. 

Simultaneous measurements were carried out on Soviet geophysical 


rockets for electron concentration both by the method of a dispersion 
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 +1 in te r fe rometer  and t h e  method ofyT---j3$jFyTprobes,and f o r  e l e c t r o n  temperature 

using va r ious  probe methods [62]. The 

-- -- ­-.a' b' c 

Figure 19. Schematic of t h e  Measure­
ments. 

a. Langmuir Probe; b. Diode Trap; 
c. Triode Trap. 

probe and f l a t  diode and t r i o d e  t r aps ;  

measurement r e s u l t s  show t h a t  t h e  
a l t i t u d e  d i s t r i b u t i o n s  

of nm are symbatic a l though t h e-

values  of n from t h e  probe d a t a  are 

e 
less than t h e  va lues  of n from t h e  e 
d i spe r s ion  in te r fe rometer  da ta .  

Figure 19 shows t h e  schematic of t h e  

measurements using a f l a t  Langmuir 

Figure 20 shows t h e i r  semilogarithmic 

c h a r a c t e r i s t i c s  [63]. From Figure 20 it fol lows t h a t  t h e  r e s u l t s  of measur­

ing T using var ious  probes agree wi th in  measurementer rors i f  t h e r e  are no e 
devia t ions  from t h e  Maxwellian v e l o c i t y  d i s t r i b u t i o n .  

THEORETICAL COMPUTATIONS AND EXPERIMENTAL DATA ON THE 
INFLUENCE OF PERTURBATIONS, CREATED BY A MOVING 

SATELLITE, ON THE MEASUREMENT RESULTS 

I115It w a s  noted above t h a t  one of t he  s i n g u l a r i t i e s  of measurements -
using ionospheric  probes is measurements on board a s a t e l l i t e  whose 

o r b i t a l  v e l o c i t y  exceeds t h e  thermal v e l o c i t y  of t h e  ions  by approximately 

one order.  This l eads  t o  t h e  formation of a per turbed region behind the  

sa te l l i t e  (with r e spec t  t o  the  v e l o c i t y  vec tor )  where t h e  ion  concent ra t ion  

d i f f e r s  s u b s t a n t i a l l y  from t h e  ion  concentrat ion i n  t h e  unperturbed 

ionosphere [19]. For t h e  measurements using t h e  probe method i t  is of in­

terest t o  examine two problems: 

(1) Whether t h e  parameters of t h e  ionospheric  plasma vary near  t h e  

s a t e l l i t e  ou t s ide  t h i s  region;  

(2) The d i s t r i b u t i o n  of t h e  equ ipo ten t i a l  su r f aces  near  t h e  sa te l l i t e  

o r  sphe r i ca l  ion  t rap .  
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Figure 20.  Semilogarithmic Character­
istics. 

1. Langmuir Probe, Te = 2400' K; 

2 .  Diode Trap, Te = 2500" K; 

3 .  Triode Trap, Te = 2300" K. 

Evaluation of t h e  e f f e c t s  of ioni­

za t ion  and hea t ing  of t h e  gas  due t o  

p a r t i c l e s  r e f l e c t e d  from t h e  sa te l l i t e  

shows t h a t  f o r  t h e  real parameters of 

t h e  ionosphere and t h e  dimensions of 

t he  satel l i tes  these  e f f e c t s  can be 

ignored [641. 

Without pausing f o r  a d e t a i l e d  

examination of t h e  var ious  t h e o r e t i c a l  

computations of t h e  s t r u c t u r e  of t h e  

perturbed region near  a r ap id ly  moving 

s a t e l l i t e  [ 6 4 ,  651 ,  l e t  us note  t h a t  

f o r  t h e  t h e o r e t i c a l  computations w e  

use dimensionless parameters,  i .e. 

t he  r a t i o  of t he  c h a r a c t e r i s t i c  di­

mension of t he  sa te l l i t e  R t o  t h e  

Debye r ad ius  rD,and t h e  r e l a t i v e  va lue  

of t h e  s a t e l l i t e  potentia1,which char­

a c t e r i z e s  t h e  r a t i o  of t h e  energy e V  

acquired by t h e  p a r t i c l e  i n  t h e  

satel l i te ' s  f i e l d  t o  the  thermal 

energy of t h e  p a r t i c l e  kT. A t  t h e  

present  t i m e  w e  have been a b l e  t o  

a n a l y t i c a l l y  ob ta in  t h e  asymptotic 

d i s t r i b u t i o n  of t h e  bas i c  phys ica l  

values  a t  l a r g e  d i s t ances  from the  

sa te l l i t e  f o r  (R/r D ) << 1 and f o r  

(R/rD) << 1 under t h e  given assumptions as t o  t h e  smallness of t h e  r e l a t i v e  

va lue  of t h e  p o t e n t i a l ;  t he re fo re  f o r  computation of t h e  s t r u c t u r e  of t h e  /I16 

region near t h e  s a t e l l i t e  w e  use computational methods. 

Figure 21 shows t h e  l i n e s  of equal  p o t e n t i a l c l o s e  t o  a m e t a l  sphere  which 

185 

I 




2 

0 

Y


3
3l2 


7 

0-2
7 t
-2 -: 0 2 4 6 

b 

I -2f 


Figure 21. Equipotent ia l  Surfaces Near a Metal Sphere Which Absorbs 
t h e  P a r t i c l e s  Inc ident  on It. 

a. R / r D  >> 1; b. R / r D  << 1. 

absorbs t h e  p a r t i c l e s  inc ident  on i t ,  f o r  t h e  cases  (R/rD) >> 1 [ 6 4 ]  and 

(R/rD) << 1 [65]. On t h e  drawing it  is  clear t h a t  t he  equ ipo ten t i a l s  have a 

sphe r i ca l  shape on the  f r o n t  (with r e spec t  t o  t h e  v e l o c i t y  vec tor )  of t he  

s a t e l l i t e .  Thus, t he  t h e o r e t i c a l  computations g ive  a b a s i s  f o r  assumptions 

concerning t h e  movement of ions  i n  a sphe r i ca l ly  symmetric f i e l d  near  t h e  

ion t rap ,  which w a s  done i n  der iv ing  expression ( l l ) ,  s ince  the  ions  are 

b a s i c a l l y  inc iden t  on the  f r o n t  of the  ion t r ap .  

The experimental  r e s u l t s  on studying t h e  d i s t r i b u t i o n  of ion  concentra­

t i o n  near  t h e  s a t e l l i t e  agree  q u a l i t a t i v e l y  with the  r e s u l t s  of t h e  theory 

[23, 351. A s  f a r  as t h e  d i s t r i b u t i o n  of e l e c t r o n  concentrat ion near  t h e  

sa te l l i t e  is  concerned, t h e  following should be mentioned. Since the  thermal 

ve loc i ty  of t h e  e l ec t rons  i s  approximately one order  g rea t e r  than t h e  rate 

of movement of t h e  sa te l l i t e ,  t h i s  l a t t e r  can no t  change the  d i s t r i b u t i o n  

of t h e  e l ec t rons .  Howeveryfrom t h e o r e t i c a l  arguments i t  follows t h a t  
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because of t h e  e l e c t r o s t a t i c  fo rces  t h e  e l ec t ron  concentrat ion d i s t r i b u t i o n  

(n ) i n  t h e  per turbed region t o  t h e  r e a r  of t he  s a t e l l i t e  must agree  with the  e 
d i s t r i b u t i o n  of t h e  p o s i t i v e  ion  concentrat ion [ 6 4 ] .  The experimental  da t a  

on t h i s  quest ion are cont rad ic tory :  Some r e s u l t s  show zero n behind 
e 

the  s a t e l l i t e  [41],and some r e s u l t s  show t h a t  t h e  ne behind t h e  s a t e l ­
l i t e  is  lowered i n  comparison with t h e  unperturbed ionosphere by a f a c t o r  of 

no more than 2 [38]. 

From t h e  d a t a  given i n  t h i s  s ec t ion  i t  fol lows t h a t  i n  s e t t i n g  up t h e  

probe measurements on board satel l i tes  i t  is  necessary t o  take  i n t o  account 

t h e  p o s s i b i l i t y  t h a t  t h e  probes w i l l  en t e r  t he  perturbed region behind the  

s a t e l l i t e  and t h a t  t h e  da t a  obtained i n  s u c h c a s e s p e r t a i n  t o  t h i s  region 

r a t h e r  than t o  t h e  ionospheric  plasma. 

PROSPECTS FOR U S I N G  THE PROBE METHOD FOR 
IONOSPHERIC RESEARCH 

The f a c t  t h a t  probe measurement r e s u l t s  are completely independent of the 
c h a r a c t e r i s t i c s  of t h e  ionospheric  region f a r  from t h e  probes,  as  a l ready 

mentioned above, makes these  methods q u i t e  promising f o r  i nves t iga t ing  t h e  

ionospheric  s t r u c t u r e .  It e s p e c i a l l y  should be mentioned t h a t  i t  is poss ib le  t o  

inves t iga t e  t h e  inhomogeneities and nons ta t ionary  phenomena using probes. 

The choice of one o r  another  type of probe w i l l  depend on t h e  c h a r a c t e r i s t i c s  

of t he  bodies on which the  experiments a r e  c a r r i e d  out .  The complexity of 

i n t e r p r e t i n g  t h e  probe measurements and t h e  l a r g e  amount of  primary da ta  ob­

ta ined  i n  the  experiments on board the  s a t e l l i t e s  and rockets ,  r equ i r e s  a 

c a r e f u l  use of t h e  methods involved and t h e  c rea t ion  of methods f o r  i n t e r ­

p re t ing  the  primary r e s u l t s  of t h e  measurements d i r e c t l y  on board the  s a t e l ­

l i t e  o r  rocket ,  as w e l l  as developing programs f o r  computer processing. 

Here it  is necessary t o  bear  i n  mind t h a t  i n  studying new phenomena or  pro­

p e r t i e s  which had previously been unknown, using t h e  method with an a p r i o r i  

given system of i n t e r p r e t i n g  t h e  r e s u l t s  may prevent t hese  inves t iga t ions  

from being c a r r i e d  out .  
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Developing methods f o r  i nves t iga t ing  the  ionosphere w i l l  r equ i r e  pre­

l iminary t e s t i n g  and s i n c e  t h e  ionospheric  plasma is an i d e a l  nedium f o r  using 

t h e  probe method, i n  c e r t a i n  ins tances  t e s t i n g  under l abora to ry  condi t ions  is 

no t  s u f f i c i e n t  and i t  is necessary t o  conduct methodological experiments 

d i r e c t l y  under ionospheric  condi t ions.  Such t reatment  w i l l  permit ob ta in ing  

r e l i a b l e  methods f o r  use,  no t  only i n  t h e  ionosphere, bu t  a l s o  i n  labora tory  

plasma. 

The f a c t  t h a t  t he  form of t h e  e l ec t ron  branch of t h e  volt-ampere curve 

i n  t h e  case of r e t a rd ing  p o t e n t i a l s  is independent of t he  conf igura t ion  of 

t h e  probe permits a probe of any shape t o  be  used f o r  measuring t h e  concentra­

t i o n  and temperature of e l ec t rons .  However t h e  p o s s i b i l i t y  of using a p a r t  
of t he  volt-ampere curve with a t t r a c t i n g  p o t e n t i a l s  and the  in f luence  of t h e  

magnetic f i e l d  g ive  a b a s i s  f o r  s e l e c t i n g  t h e  Langmuir probe with a cy l indr i ­

cal shape. I n  f a c t  t h e  use of a f l a t  probe does no t  permit u t i l i z a t i o n  of t h e  

region of a t t r a c t i n g  p o t e n t i a l s  t o  obta in  information. The use of a s p h e r i c a l  
probe involves c e r t a i n  d i f f i c u l t i e s  caused by the  f a c t  t h a t ,  t o  decrease t h e  

inf luence  of t h e  plagnetic f i e l d  on t h e  shape of t h e  volt-ampere curve,  t h e  

r ad ius  of t he  sphere must be  less than t h e  cyc lo t ron  rad ius  (which a t  a l t i ­

tudes of about 300 km i s  on t h e  order  of 3 cm). The su r face  of a sphe r i ca l  

probe which s a t i s f i e s  t h i s  condi t ion i s  s m a l l ;  furthermore,  t h e  s p h e r i c a l  

probe should be set  up on a rod which, with t h e  s m a l l  r ad ius  of t h e  probe, 

must d i s tu rb  t h e  s t r u c t u r e  of t h e  e lectr ic  f i e l d .  

A long c y l i n d r i c a l  probe may have a l a r g e  c o l l e c t i n g  su r face  with a 

s m a l l  radius;  t h e  c y l i n d r i c a l  rod i n  t h i s  case w i l l  no t  d i s t u r b  the  symmetry 

-
1117 

of t h e  electric f i e l d ,  bu t  on t h e  cont ra ry  w i l l  serve as a p r o t e c t i v e  e l ec t rode .  

It i s  f e a s i b l e  t o  inc rease  the  d i s t ance  between the probe and the body of the  

satel l i te  ( o r  rocket)  t o  make the  measurements ou t s ide  the  space charge lay­

er which surrounds the  sa te l l i t e  ( o r  rocke t ) .  However f o r  determinat ion of 

t h e  e l e c t r o n  concentrat ion using such a probe, i t  is necessary t h a t  it be 

o r i en ted  i n  a d i r e c t i o n  near  t o  perpendicular  with respec t  t o  t h e  force  l i n e s  
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of t h e  geomagnetic f i e l d .  F a i l u r e  t o  s a t i s f y  these  condi t ions w i l l  have 'no 

e f f e c t .  on determining t h e  e l e c t r o n  temperature.  

The use of Langmuir probes, which i s  des i r ab le  because of t h e i r  simpli­

c i t y  and t h e  t h e o r e t i c a l  p o s s i b i l i t y  which they g ive  f o r  ob ta in ing  (from one 

volt-ampere curve)  information on the  p a r t i c l e  concentrat ion with charges 

of both s igns  and about both energy d i s t r i b u t i o n s ,  should be confined during 

dayl ight  hours t o  those reg ions  of t h e  ionosphere i n  which t h e  flows of 

charged p a r t i c l e s  t o  t h e  probe exceed the  flows of photoelectron- emit ted 

by the .probe .  For a v a l i d  eva lua t ion  of t h e  degree of r e l i a b i l i t y  of de te r ­

mining t h e  e l ec t ron  concentrat ion using t h e  probes we must make a d d i t i o n a l  

t h e o r e t i c a l  and experimental  i nves t iga t ions ,  s i n c e  from t h e  r e s u l t s  of com­

par i son  with o the r  methods i t  fol lows t h a t  t h e  probe measurements g ive  

smaller va lues  than do t h e  r e s u l t s  of o the r  methods. 

The Langmuir probes and t h e  probe methods based on a n a l y s i s  of t h e  vo l t -

ampere c h a r a c t e r i s t i c s  should be used with care i n  studying t h e  reg ions  of 

t h e  ionosphere below 100 k m ,  s i n c e  t h e  mean f r e e  pa th  of t h e  p a r t i c l e s  

i n  these  reg ions  i s  s m a l l ;  i t  is t r u e  t h a t  t h e r e  are ind iv idua l  t h e o r e t i c a l  

a t tempts  t o  j u s t i f y  opera t ion  of t h e  probes under d i f fus ion  condi t ions  

( see  [16 - 181). I n  these  reg ions  t h e  high-frequency methods have t h e  ad­

vantage,s ince a t  a l t i t u d e s  below 100 km t h e  probe p o t e n t i a l  can no t  be high 

and t h e  th ickness  of t h e  space charge l a y e r  plays a s m a l l  r o l e .  

A t  high a l t i t u d e s  with s m a l l  concentrat ions t h e  use of high-frequency 

methods i s  complicated by t h e  space charge l aye r s .  I n  these  reg ions  t h e  

charged p a r t i c l e  t r a p s  inc luding  modulation t r a p s  a r e  advantageous 

f o r  research.  

To i n v e s t i g a t e  t h e  ion temperature it is  f e a s i b l e  t o  use  "honeycomb"­

type t raps ,  s i m i l a r  t o  t h e  t r a p  used on board t h e  1tKosmos-2". Here i t  shn1ll.d 

be  remembered t h a t  t h e  accuracy of determining t h e  ion  temperature w i l l  de­
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pend on determination of the variations i n  orientation of the trap re lat ive  

to the velocity vector of the oncoming f low.  
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RADIOPHYSICS RESEARCH OF THE IONOSPHERE BASED ON THE 
PROPAGATION OF RADIO WAVES FROM ROCKETS 

AND SATELLITES(~) 

V. A. Misyura 

ABSTRACT. Radio-physical ionospheric i nves t iga t ions  
can be used f o r  d i r e c t  measurement of e f f e c t s  a r i s i n g  i n  
propagation of r a d i o  waves.. These are: Faraday e f f e c t  
( angle  @ @ and "frequencys' 'Om,of r o t a t i o n  of t h e  p lane  of polar­
i z a t i o d ,  t h e  environmental co r rec t ion  t o  t h e  Doppler s h i f t ,  
r e c t i o n  t o  t h e  phase and group pa th  (phase 1ALI and groupI AR] "lag"), r e f r a c t i o n ,  incoherent s c a t t e r i n g  of r ad io  
waves and some o the r  e f f e c t s .  Then t h e  required para­
meters of t h e  ionosphere are found according t o  t h e  mea­
sured e f f e c t s  and t o  t h e  da t a  on the  pos i t i on  and move­
ment of t h e  beam(a reverse problem). These e f f e c t s  a r e  
a l s o  i n t e r e s t i n g  f o r  i nves t iga t ion  of t h e i r  own prope r t i e s .  

The paper p re sen t s  a b r i e f  ana lys i s  of b a s i c  radio-
phys ica l  methods f o r  ionospheric i nves t iga t ions  wi th  t h e  
he lp  of a r t i f i c i a l  sa te l l i tes  and rockets  and of t h e  most 
important d a t a  on ionospheric parameters (mainly of t he  
ou te r  ionosphere) obtained by means of them. 

a cor-

Radiophysics research  of t h e  ionosphere includes,  as w e  know, t h e  d i r - 1120 

ect  measurement of c e r t a i n  e f f e c t s  which set i n  during t h e  propagation (or  

re-emission) of r ad io  waves from ob jec t s  i n  space(2) .  Then, based on t h e  

measured e f f e c t s  and t h e  da t a  on movement and pos i t i on  of t h e  ob jec t  i n  

The present  a r t ic le  r e f l e c t s  t h e  viewpoint of t h e  au thor ,  which i s  
no t  t h e  gene ra l ly  accepted one. An a l t e r n a t i v e  viewpoint is r e f l e c t e d  i n  t h e  
works of K. I. Gringauz et  al.,  "Geomagnetizm i aeronomiya", Vol.  5, No. 4 ,  
1965, p. 762; V o l .  6,  No.  3 ,  1966, p. 568; W. T. Ross e t  a l . ,  J. Geophys. 
Res. (P rep r in t ) ,  October, 1967. 

(2) By o b j e c t s  i n  space w e  s h a l l  imply i n  genera l  sa te l l i tes ,  rocke t s  
and spacec ra f t ,  p l ane t s ,  masses of plasma, astronomical sources  of 
radio waves, and o the r  n a t u r a l  and a r t i f i c i a l  formations i n  t h e  ionosphere
and above',which e m i t  o r  re-emit r ad io  waves. 

195 



space, these o r  o the r  physical  parameters of t h e  ionosphere ( inverse problem) 

o r  o the r  e f f e c t s  are determined which can n o t  be measured i n  any manner 

d i r e c t l y .  These e f f e c t s  may be of independent p r a ~ t i c a l ' ~ )and s c i e n t i f i c  

i n t e r e s t .  

So, sometimes ( f o r  example, i n  radiophysics and i n  t h e  process of r ad io  

measurements), w e  may f i n d  i t  convenient t o  look a t  these  e f f e c t s  themselves 

and c e r t a i n  general ized physical  c h a r a c t e r i s t i c s  of the  ionosphere and the  

r ad io  s i g n a l  r a t h e r  than proceeding t o  the  e l e c t r o n  concentrat ion o r  t o  

o the r  gene ra l ly  accepted ionospheric parameters. This is e s p e c i a l l y  the  case 

s i n c e  t h e  t r a n s i t i o n ,  a s soc ia t ed  usua l ly  wi th  solving the  "inverse" problem, 

may involve considerable  d i f f i c u l t y  

Basic among e f f e c t s  measured d i r e c t l y  are : the  Faraday e f f e c t  

( t h e  angle  CPCP and the  "frequency" i, of r o t a t i o n  of the  p o l a r i z a t i o n  plane) ,  

co r rec t ions  f o r  t h e  Doppler frequency s h i f t  due t o  the  atmosphere i n  com­

parison with a vacuum,,for the  phase and group path of the  r ad io  waves (phase 

(AL)and group (AR) r ad io  wave l a g ;  r e f r a c t i o n ,  d i s t o r t i o n  of the s i g n a l  

shape, r ad io  wave s c a t t e r i n g  and o the r  e f f e c t s .  

The basic.parameter of t h e  ionosphere ( e spec ia l ly  f o r  radiophysics) ,  

obtained from f u r t h e r  i n t e r p r e t a t i o n ,  as w e  know, is t h e  e l e c t r o n  concentra­

t i o n  of the  ionosphere N ( 4 ) .  Instead of N (or  i n  add i t ion  t o  N) w e  o f t e n  

use a parameter which i s  dependent on t h e  d i s t r i b u t i o n  of N i n  space,  i .e.  

t h e  t o t a l  ( i n t e g r a l )  e l e c t r o n  content N i n  the  v e r t i c a l  column o r  i n  the0 


(3) For example, i n  the p r a c t i c a l  problems of r a d i o  communication, 
r ad io  navigat ion,  r ada r  and r ad io  measurements a s soc ia t ed  with the  f l i g h t s  
of o b j e c t s  i n  space. 

(4) O r  t h e  "effect ive" e l e c t r o n  concentrat ion which takes  i n t o  
account t h e  inf luence not  only of e l e c t r o n s  but a l s o  of i ons  on t h e  r e f r ac ­
tive index of t h e  ionosphere f o r  the  radio waves. 
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column inc l ined  along t h e  l i n e  of s i g h t  NOL of t h e  ionosphere of a u n i t  


c ross  sec t ion  extending from t h e  observat ion poin t  t o  t h e  ob jec t  i n  space. 


Among t h e  o t h e r  parameters which might be  determined f o r  t h e  ionosphere,  are t h e  


k i n e t i c  temperatures of t h e  e l ec t rons  Te and ions  Ti and t h e i r  gyrofreq­


uencies,  number of c o l l i s i o n s  v of e l ec t rons  with heavy p a r t i c l e s  of t h e  


ionosphere, i t s  ion  composition and a l s o  several der ived parameters and I121 


e f f e c t s ;  parameters of n e u t r a l  p a r t i c l e s  etc. 


The atmospheric parameters,  j u s t  as t he  e f f e c t s  which t ake  p lace  with t h e  

propagation of r ad io  waves, may conta in  both a r egu la r  and an i r r e g u l a r  com­

ponent. 

The advantage of radiophysics  measurements on t h e  propagation of r ad io  

waves from sa te l l i t es  is t h e  p o s s i b i l i t y  of ob ta in ing  t h e  dependences of t h e  

measured va lues  on l a t i t u d e  and longi tude  over l a r g e  areas of t h e  Earth 's  

sur f  ace. 

On t h e  o the r  hand when using geophysics rocke ts  with a ver t ical  traject­

ory w e  can make t h e  measurements over  t h e  e n t i r e  thickness  of t h e  ionosphere 

up t o  t h e  a l t i t u d e  of rocket  ascent  f o r  a b r i e f  t i m e  i n  one set of observa­

t i o n s ,  bu t  at  l imi t ed  d i s t ances  from t h e  s i te  of t h e  rocket  launch. Further­

more, each test  using t h e  geophysics rocke ts  is s i g n i f i c a n t l y  more expensive 

than the  experiment using a r t i f i c i a l  Earth satel l i tes  (AES). 

L e t  us pay t h e  g r e a t e s t  a t t e n t i o n  t o  t h e  method of coherent f requencies  

and t h e  method of t h e  Faraday e f f e c t  as t h e  ones most widely used a t  t h e  

present  t i m e .  To a lesser degree w e  s h a l l  touch upon t h e  methods based 

on t h e  use of group l ag ,  ionospheric  r e f r a c t i o n  of rad io  waves, etc. 

- _- _ _- - __ - ­

(5)For measuring t h e  parameters of t h e  ionosphere w e  use t h e  methods 
of probing t h e  ionosphere above t h e  satellite and t h e  method of incoherent  
s c a t t e r i n g  of radiowaves of t h e  ionosphere; they are t h e  most prom$sing,but 
are as y e t  i n s u f f i c i e n t l y  used. 
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METHODS BASH) ON THE USE OF THE FARADAY EFFECT, THE 
DOPPLER EFFECT AND THE PHASE LAG OF RADIO WAVES 

AT COHERENT FREQUENCIES 

The methods s tudied  are based on measuring t h e  Faraday e f f e c t  (6, and 

CJ @ ) and t h e  so-called normalized d i f f e rence  i n  t h e  Doppler frequency s h i f t  

of coherent waves and the  corresponding normalized phase d i f f e rence  CJ, pro­

por t iona l , r e spec t ive ly ,  t o  t h e  rate of change i n  t h e  phase l a g  and t h e  l a g  

dALi t s e l f  p - 7* @ e A L )  of t h e  coherent r ad io  waves, propagating from 

o b j e c t s  i n  space. 


determining t h e  n e u t r a l  e l ec t ron  content  i n  t h e  e n t i r e  ionosphere of t h e  Earth 


The method using t h e  Faraday e f f e c t  began t o  be used f o r  

even before  launching of sa te l l i tes  with luna r  r ada r  measurements (Brown, Evans 

etlal. [I, 2, 31). Af t e r  geophysics rockets  and e s p e c i a l l y  satel l i tes  began t o  be 

launched, t h i s  method found widespread usage, and based on measurements of @ and 

@ i t  appeared t o  be a more precise ,a l though more complex,method. This so-

c a l l e d  method of t h e  "difference" Doppler e f f e c t  of coherent f requencies  i s  

based on t h e  f ami l i a r  method of "dispers ion in te r fe rometer"  which w a s  

proposed back i n  the  1930's by L. I. Mandel'shtam and N. D. Papaleksi  [4] 

and then used by Ya .  L. Al 'per t ,  V. V. Migulin, P. A. Razin and o t h e r s  f o r  

measuring t h e  phase v e l o c i t y  of r ad io  waves a t  t h e  su r face  of t he  Earth 

with a high degree of accuracy. This method w a s  used f o r  ionospheric  mea­

surements with t h e  a s s i s t a n c e  of rocke ts  abroad [5,  61 and i n  t h e  Soviet  

Union (K. I. Gringauz, V. A. Rudakov [ 7 ,  81) and wi th - the  a s s i s t a n c e  of satel­

l i tes (Ya. L. Al 'per t  e t  a l . ,  [ 9  - 151). In  the  fo re ign  l i t e r a t u r e  w e  can see 

a modif icat ion of t h i s  method as evidenced by the  method used by Seddon-

Jackson [3, 5 ,  61. 

The i n i t i a l  expressions f o r  both methods f o r  t h e  case of dependence of 

t he  r e f r a c t i v e  index of t h e  ionosphere n on t h e  t h r e e  coord ina tes  x
1,233 

and t i m e  can be represented approximately with an accuracy up t o  s m a l l  
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-AL r-0.5 k f-aNOL, No =No,  sjn p' , 

No =3Ndz ,  
n 

bL - f  - -1 fL7  

(1) /122 

(2 

(3) 

(4 


(5 

( 6 )  We use t h e  expressions and d e f i n i t i o n s  given i n  [ll, 1 2 ,  
( p .  13811 and 1161. 
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Defin i t ions  i n  these  formulas are t h e  following: f is  t h e  e f f e c t i v e  f r e ­

quency; k is a known cons tan t ;  rA' r r e p r e s e n t  t h e  d i s t a n c e  from t h e  cen te r  

of t h e  Earth t o  t h e  observat ion poin t  A and t o  t h e  instantaneous po in t  of t h e  

beam, respec t ive ly ;  z represent  t h e  a l t i t u d e  of t h e  r a d i a t o r  B and the -
= B y  

ins tantaneous po in t  of t h e  beam over t h e  su r face  of t h e  Earth;  R is  t h e  d is ­

tance  from A t o  B; B ' ,  BA represent  t h e  angle  of e l eva t ion  of t h e  beam a t  

t h e  instantaneous poin t  and a t  poin t  A, formed with t h e  p lane  of t h e  horizon 

a t  t h e  r e spec t ive  poin t ;  f L i s  the  p ro jec t ion  of t h e  gyrofrequency on t h e  

beam a t  the  instantaneous poin t ;  C1, C2 represent  t h e  cons t an t s  of integra­

t ion ;  VTB i s  t h e  v e l o c i t y  component of t h e  r a d i a t o r  t r ansve r se  t o  t h e  

beam; V B Y  V 
E 

are t h e  components of V TB i n  t h e  v e r t i c a l  plane,  passing through 

po in t s  A and B,  and i n  t h e  plane perpendicular  t o  i t  and passing through A 

and B ( i . e . ,  V 
B,E 

are the  components of V TB along t h e  axes x2 and x3, res­

pec t ive ly ,  t ransverse  t o  t h e  beam); t h e  i n t e g r a l s  I' and I't are found res­

pec t ive ly  from I and It i n  (8) - (11) by s u b s t i t u t i n g  abL f o r  a. The v a r i a b l e  

components It and I't i n  formulas (6) ,  (7) can usua l ly  be ignored f o r  mea­

surements on board satell i tes up t o  a l t i t u d e s  2000 - 3000 km 11161, and i n  

measurements with t h e  a s s i s t a n c e  of rocke ts ,  up t o  a l t i t u d e s  less than t h e  

a l t i t u d e  of t h e  v e r t i c a l  ascent  of t h e  rocket  (7) . 
With movement of t h e  r a d i a t o r  along t h e  beam (along R) w e  can pro­

bably measure t h e  e l ec t ron  concentrat ion NB along t h e  t ra ' j ec tory  of t h e  

ob jec t  [ i n  t h e  r i g h t  hand s i d e  of expressions (6) ,  (7) w e  need take  i n t o  

account only t h e  f i r s t  t e r m ]  wi th  a high degree of accuracy i f  w e  use t h e  

(7) A t  t h i s  po in t  i t  is poss ib l e  t o  measure t h e  ionospheric  va r i ab le s  
It, 1;. 
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.
independent measurements of Q or CP9; the combined use of 9 and CP @ reveals in 


this case the theoretical potentialities of an independent measurement of 


the geomagnetic field (parameter bLB) along the trajectory of the object. 


This situation exists in particular in observations at the site of vertical 


launching of geophysical rockets. Apparently the first correct and most 


accurate measurements of the vertical profiles N of the outer ionosphere I124 


were obtained mainly in this manner by using 0 [ 7 ,  8 ,  31. 


In all the works published prior to 1960 where the electron concentration 
NB was measured from the registrations of Q and 9@ from the AES signals, 
the value of NB was determined approximately at one point or on a small seg­
ment of the AES'orbitwhere all terms except the first could be ignored in 
the right-hand side of expressions (6) and (7 ) .  

The method of chains of equations proposed by Ya. L. Al'pert [17] and 
developed and investigated in [ll, 161, i s  interesting in that it permits 
an approximate determination of the electron density NB along the AES orbit 
on a significant segment of it. 

This method, as we know from [ll, 16, 171 involves the fact that if we 
neglect the change in.aand I in equation (6) or (7) (Am = a 2  - ai 09 AI= 

I2 - I1 = 0) and take into account the change in VR and V
TB ( AvR = v  

%! 
- v  

R1 
# 0, AVTB = - VTBl # 0) known from orbital data for a certain interval 

of time At = t2 - tl, equation (6) [or (7)] is formulated for two moments of 
time tl and t2; as a result we find a system of two equations relative to 
the values of the two unknowns 01 and I for the interval At. The lack of 
sufficient analysis of the accuracy of the method stimulated a more detailed 
investigation and development of the method [ll, 16, 19, 201 as well as the 
criticism [18]. 

The sufficient conditions for applicability of the method of the "chain" 


were cited in [ll] and the necessary and sufficient conditions in [16,18, 


201. Reference [16] investigates the theoretical and experimental possibi­
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Figure 1. Dependence of the Quantity IB * a
-1 on Altitude h for Different 

Angles of Elevation BB = const (80, 60, 45 and 30') for a Parabolic-

Exponential Model with the Parameters: zo = 150 km, zm = 300 km, b2 = 

fif-2 = 0.1, Where f0 is the Critical Frequency for Various Values of 
the Ionosphere Altitude. 


a. H = 100 km; b. H = 250 km. 

lities of realizing these conditions �or the practically attainable values of 

the error in determining NB' It was established that the "chain" method 

permits determination of NB along the satellite's orbit with an error which 
usually does not exceed 20 - 30% of the wide range of AES orbital types and 
states of the ionosphere. 

In the various methods of interpreting registrations of the Doppler 


and Faraday effects by using expressions,(6) and (71, a substantial role 


(especially in the "chain" method)is played by the relationship in (6) 
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Figure  2. Computed Function IB .a 
-1 f o r  t h e  Model. 

a. H = 100 km; b. H = 250 km. 

between IB 
and aB (Figures  1 - 3) [27] o r  i n  (7) between Ig' and aBbLB(8>. 

(9)The smaller t h e  r a t i o  la /% , then t h e  smaller i s  t h e  e r r o r  of t h e  "chain" 
method [16] under s t a b l e  equal  condi t ions.  The dependences of I f3 '  a B  and 

- - .~ ~~ __ 
( 8 )  I n  t h e  case of a s t r a t i f i e d  atmosphere o r  when t h e  ho r i zon ta l  grad­

i e n t  component along the  x3 a x i s  can be  ignored, as w e l l  as i n  t h e  tests on 

rockets  i n  t h e  genera l  case I 
E 

= 0 and I = I6' The dependence of IE on t h e  

coordinates  (I # 0 i n  t h e  presence of ho r i zon ta l  g rad ien t s  N) i s  analyzed 
i n  1161. E 

It is obvious t h a t  when t h i s  r a t i o  is s u f f i c i e n t l y  s m a l l ,  then NB 
is  determined from (6) o r  (7) au tomat ica l ly ,  s ince  i n  these  expressions 
only t h e  f i r s t  t e r m  which conta ins  NB can be l e f t .  
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I a -1 on a l t i t u d e  z ,  computed (FigureB B  
2) 1211 and experimental ly  obtained 

a 5f04E-J,	from t h e  spaced recept ion  of s i g n a l s  

from t h e  geophysicq rocke t s  111, 16 ,  

2 45507 

38OO 

-IB -6 -2 0fil0f.a.d 

Figure 3. Experimental Dependence of 
I and aB on h and B,, Obtained from 

t h e  Spaced Observation of S igna ls  
from Gesphysical Rockets [19, 203. 

22, 231, f o r  t h e  va r ious  va lues  of t h e  

angle  of e l eva t ion  B, i l l u s t r a t e  a fact  

t h a t  is essential f o r  accuracy of t h e  

"chain" method t h a t  f o r  t h e  real iono­

sphere with an a l t i t ude -va r i ab le  va lue  

of t h e  normalized a l t i t u d e  H (Figure 
-1

1 b,  Figure 2 b) t h e  r a t i o  a IB B  
remains s i g n i f i c a n t  up t o  high a l t i ­

tudes  (2 2000 - 3000 km) and r ap id ly  drops wi th  decrease i n  6,. This  f a c t  

a l s o  ensures  t h e  al lowable (< 30%) e r r o r  i n  t h e  "chain" method (Figure 4) .  
Figure 4 shows t h e  va lues  of aB along the  o r b i t  of t h e  "Elektron-1" cor res ­

ponding t o  the  given model (Figure 1) and computed from t h e  "chain" method 

( f o r  t h e  given model using (6) t he  va lues  of IB and i are computed and then 

from them by using t h e  "chain" method, t h e  va lue  of a w a s  aga in  determined 

and compared with t h e  va lue  of a i n  t h e  given model). 

Similar  i nves t iga t ions  showed t h e  a p p l i c a b i l i t y  of t h e  "chain" method 

t o  expression (7) f o r  t h e  Faraday e f f e c t .  Table 1 g ives  an example of com­

put ing t h e  relative e r r o r  6a i n  t h e  "chaid'method (aBc ) f o r , a  parabol ic-

exponent ia l  model of t h e  ionosphere ( z  0 = 180 km, zm = 320 lan and H1 = 

300 km up t o  z 600 km and H2 = 800 km f o r  z 2 600 km, b2 = 0.1) f o r  one 

f l i g h t  of t h e  "Elektron-1" on February 25, 1961 over Kharkov (ve loc i ty  com­

'ponents of t h e  satel l i te  VR and V B and t h e  coord ina tes  zB, 8, are a l s o  

shown on Table 1). It is easy t o  see t h a t  even f o r  s m a l l  angles  of eleva­

t i o n  of t h e  given AES f l i g h t  t h e  p rec i s ion  of t h e  ''chain'' method is  s t i l l  

appl icable .  

Thus, t h e  va lue  of  ua i n  Table 1 w a s  computed as t h e  d i f f e r e n c e  i n  
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45t I 44- t 

Figure 4. Dependence of N f o r  the  Given Model (Solid Line) and t h a t  
Computed by t h e  "Chain" Method (Broken Line) on F l i g h t  Time (Moscow) 

over Kharkov of the  S a t e l l i t e  llEPektron-lll. 

a. March 7, 1964, zB = 447 - 413 - 510 km, model; b. March 11, 1964, 
zB = 626 - 480 lan; c. February 25, 1964, zB = 680 - 820 km; d. 

February 6, 1964, zB - 1110 - 1420 km. 

values  of a from t h e  known model of N and computed by the  "chain" method. 

Under t h e  experimental condi t ions w e  f ind  the  main d i s t i n c t i o n  t o  be 

t h a t  the  real  model of the  ionosphere is unknown and cra i s  computed from t h e  

imprecise model obtained from t h e  experiment. The question n a t u r a l l y  arises 

as t o  how much t h i s  l a t te r  value (oaBce )(lo)d i f f e r s  from t h e  real e r r o r .  

1127
Analysis showed t h a t  t h e  e r r o r s  do no t  d i f f e r  strongly.when they are -
not  very high (6 30%). This agrees  with the  convergence of t h e  known model 

- .-

(lo) cra 
Bce is t h e  e r r o r  i n  determining aB, found as t h e  d i f f e r e n c e  

i n  va lues  of aB, computed by t h e  "chain" method and t h e  corresponding impre­

cise method obtained i n  t h e  experiment. 
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TABLE 1* 

~ 

795 823 837 851 895 910 
26,7 26.0 25.5 25.1 23.4 22,8 
36.6 42.8 45.7 48,4 55.5 57.6 
3.38 4904 4,33 4.60 5.29 5,48 

-0.84 -i ,27 -1.46 -1.62 --1,99 -2,m 
32,5 31.4 30,8 30.3 28.7 28.2 
29,5 25.1 37,5 22,9 20,8 36.7 
10 -20 22 25 27 12 
12 I8 21 23 26.5 I1 
0.59 -0.50 0.17 0,41 0.34 0,81 

_ _ d  ­

TABLE 2 *  
-

ime of obsezvatio 24.1 1958 F. I 8.6 1958 r. 

(Mo scow)\ 

317 325 339 701 724 747 

21,I6 20,43 18,19 44.29 52.08 55.5 
326.46 338 353 281 261 241 
376 6.25 8,49 69 70.5 73 

'-0,602 -2.27 --4,i2( -3.34 -2,07 4 . 2  
2,05 2.3 2,8 3.09 2.9 1,5 
4.75 4.85 5,O 690 5.4 4,a 
8.4 8.35 8,2 4,07 4.16 4.7 
16.9 5.7 8,l 47 55 60 

-150 -35 -13 10 23 300 


-

1.98 l,89 1,79 8.8 433 2.8 

48.5 5 3 5 3  33 12 49 

5.9 6,O 6,l . 7  5 .. 5 

31,4 6.2 14,4 15 14 10 
. .  

Ip F-­
* 
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of t h e  i t e r a t i o n  process  i n  i n t e r p r e t i n g  by t h e  "chain" method when the  

accuracy is n a t u r a l l y  s a t i s f i e d  i n  smoothing out  t h e  experimental model a f t e r  

i n t e r p r e t a t i o n .  Computation of mBce must be c a r r i e d  ou t  even f o r  t h i s  

smoothed out  (preferab ly  by computation on a computer) model. 

Table 2 g ives  t h e  da t a  from computation of miBce (oNB, X )  1211 from t h e  

r e g i s t r a t i o n s  of t h e  Faraday e f f e c t  from s i g n a l s  of t h e  t h i r d  AES f o r  two 

f l i g h t s  over Kharkov; f o r  s m a l l  angles  of e leva t ion  and a l t i t u d e s  ( f l i g h t  

on J u l y  24, 1958, zB = 312 - 358 km) and higher  (June 8, 1958, zB = 679 ­
755 km). Table 2 g ives  t h e  va lues  of t h e  frequency FQ = OQ/2.rr, t he  coord ina tes  

(zB, 8, and E ~ ) ,  t h e  v e l o c i t i e s  (VT, VR) of t h e  sa te l l i t e  and o the r  va lues  

necessary f o r  proving t h e  condi t ions  of a p p l i c a b i l i t y  of t he  "chain" method 

[ l l ,  161. From such a method t h e  r e g i s t r a t i o n s  of t he  Faraday e f f e c t  from 

the  s i g n a l s  of t h e  t h i r d  AES a t  Kharkov w e r e  i n t e rp re t ed  a t  a frequency of 

20 MHz i n  summer (June, Ju ly)  of 1958 and f a l l  (September, October) of 1959 

and, from 20 f l i g h t s  of t h e  s a t e l l i t e  i n  each season, t he  and " f a l l "  

v e r t i c a l  p r o f i l e s  N up t o  an a l t i t u d e  of approximately 1000 km [21] w e r e  

p lo t t ed  (Figure 5)(11). The lower p a r t  of t h e  p r o f i l e s  was1 p lo t t ed  from 
the  da t a  on t h e  v e r t i c a l  probing. These p r o f i l e s  agree  with t h e  da t a  ob­

ta ined  using o ther  methods [24].  

The b a s i c  r e s u l t s  of determining NB along a rocke t ' s  t r a j e c t o r y  [3 ,  

7 ,  8, 11, 12,  19, 23, 25, 46, 471 and t h e  o r b i t  of a sa te l l i t e  [3,  9 - 13,  1 9 ,  

20, 26, 271 include t h e  following: 

(1) The f i r s t  c o r r e c t  and q u a l i t a t i v e l y  new da ta  w e r e  obtained (1958) 

on t h e  v e r t i c a l  p r o f i l e  N of t h e  outer  ionosphere from measurements of CP 

using geophysics rockets ;  t h i s  is e s p e c i a l l y  s i g n i f i c a n t  i n  t h a t  t h e  erron­

eous da t a  from [28] had been f a i r l y  widely accepted; i n  [28] t h e  ex ten t  

of t h e  ou te r  ionosphere w a s  s i g n i f i c a n t l y  less than t h e  a c t u a l  va lue ;  

The computations on Figure 6,  j u s t  as on Figures  1, 2, etc.,  have 
been made by V. A. Podnos. 
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(2) It w a s  found tha t !  t h e  ou te r  

ionosphere is "'compressed'' wi th  t r ans i ­

t i o n  from high t o  low s o l a r  a c t i v i t y ;  

(3) The f a c t  of a s t a b l e  nonmono­

ton ic  pa th  of NB w a s  discovered ex­
perimental ly  along t h e  inc l ined  o r b i t  

of t h e  AES above t h e  F2 maximum; t h i s  

has  received no .unequivocal in te rpre­

t a t i o n  as ye t .  

Figure 5 . - Average Vertical P r o f i l e s  

N, Obtained from t h e  Faraday Effec t  

of Signals  from t h e  Third A r t i f i c i a l  (4) It w a s  e s t ab l i shed  t h a t  t he  


Earth Satel l i te  by t h e  "Chain" Method e l ec t ron  dens i ty  a t  high a l t i t u d e s  

and Vertical Probing a t  Kharkov. (1500 - 2000 km): 


1. Summer 1958; 2. F a l l  1959. 


(a)  i s  f a i r l y  high 

(2 , lo4 el.cm-3)even a t  low s o l a r  a c t i v i t y ;  

(b) undergoes less pronounced d iu rna l  and seasonal  v a r i a t i o n s ,  t h e  

g r e a t e r  t h e  a l t i t u d e ;  and 

(c )  drops wi th  a l t i t u d e  s i g n i f i c a n t l y  more slowly than a t  a l t i ­

tudes of Q, 350 - 400 km; i .e.  a t  high a l t i t u d e s  t h e  normalized a l t i t u d e  H of 

t h e  outer  ionosphere inc reases  s t rongly ,  which i s  due mainly t o  v a r i a t i o n  i n  
+t he  ion composition (high predominance a t  h iL i  a l t i t u d e s  of l i g h t  ions  H ) 

and a l s o  t o  t h e  inc rease  i n  plasma temperature. 

These f a c t s  agree  wi th  the  r e s u l t s  obtained by t h e  la tes t  methods 

(probing t h e  ionosphere from above t h e  satellites [3 ,  26, 291 (12) and d a t a  

(12) See t h e  rocke t  da t a  up t o  several thousand ki lometers  [46, 471. 
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1I 
from incoherent  s c a t t e r i n g  of r ad io  waves by t h e  ionosphere [16, 30, 261). 

The most c o r r e c t  information on t h e  t o t a l  e l ec t ron  content  (No and NOL) /128 
can be obtained (and i s  widely used [3, 11, 15, 24, 31 - 331) from measuring 

Q o r  QQ i f  w e  can e l imina te  t h e  cons tan ts  C1 and C2 i n  (l), (2) ( fo r  example, 

i n  t h e  presence of un in te r rupted  r e g i s t r a t i o n s  of Q o r  QQ including t h e  moment 

when t h e  r a d i a t o r  e n t e r s  o r  leaves t h e  ionosphere o r  including t h e  

moment of t r a n s i t  i n  t h e  lower ionosphere with simultaneous ver t ical  

probing)  o r  by t h e  simultaneous r e g i s t r a t i o n  of @ and Q Q - This l a t t e r  

fol lows from t h e  f a i r l y  genera l  expressioh obtained by d i f f e r e n t i a t i n g  

(l), (2) with r e spec t  t o  T ( see ,  f o r  example, [24, p. 1381) : 

where k1' k2 are known constants .  

A number of o the r  methods e x i s t  f o r  excluding C i n  (11, (2) [24, 13 ­
1 9 2  

15, 31, 321. Computer computations using the  method of l e a s t  squares de-

Serve mention [31 - 331. NOL can b e  converted i n t o  N0 and 6L can be determined 

q u i t e  c o r r e c t l y  from formulas (2 ) ,  (4) and (5) by using i t e r a t i o n s  [ll]when 

necessary.  It is  easy t o  determine N by d i f f e r e n t i a t i o n  with respec t  t o  No 
obtained as a func t ion  of z .  Many publ ica t ions  e x i s t  f o r  such measurements. 

The t o t a l  e l ec t ron  content  can be obtained simply and q u i t e  r e l i a b l y  

from t h e  r e g i s t r a t i o n s  of Q0 a t  two r a t h e r  near  f requencies .  For example, 

such measurements have been c a r r i e d  ou t  by us from d a t a  on t h e  sa te l l i t e  

"Elektron-3" [24].  The same th ing  can be  done wi th  d a t a  from t h e  "Bxplorer 

XXII" [15, 21, 34, 471. With t h i s  method, C1 i n  (2) can be  automatical ly  

dropped and any poss ib l e  indetenninancy can b e  el iminated i n  t h e  r e l a t i v e  

pos i t i on  of t h e  antennas of t h e  r a d i a t o r  and the  r ece ive r .  

The most numerous, t h e  s implest  and apparent ly  t h e  l e a s t  accura te  mea­
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surements of NOL (or  N0) w e r e  made under several condi t ions  of r e g i s t e r i n g  

i
@ 

from AES s i g n a l s  a t  one frequencyC13). The r e l i a b i l i t y  of t h e  mea­
surements here  w a s  somewhat increased by using two (or th ree)  crossed an­

tennas and a l s o  by opera t ing  a t  two frequencies .  The corresponding r e s u l t s  

of t h e  inves t iga t ions  have been descr ibed q u i t e  w e l l  i n  t h e  1 , i t e r a t u r e .  The 

measurement e r r o r s  may apparent ly  reach 20 - 30%. 

NOL (No) and t h e  r e f r a c t i o n  can be  found approximately under c e r t a i n  .. 1 .. 
condi t ions from 6@ and @@, from 9, @ o r  from i@ and i (see, f o r  example, 

[34 - 361). E s s e n t i a l  i n  measuring t h e  r e f r a c t i o n  is t h e  f a c t  t h a t  usua l ly  

t h e  ho r i zon ta l  g rad ien t s  are no t  taken i n t o  account and t h i s  may l ead  t o  

s i g n i f i c a n t  e r r o r s ,  e spec ia l ly  i n  using satel l i tes .  I n  determining re­

f r a c t i o n  using geophysical rocke ts ,  t h e  g rad ien t s  l y ing  i n  t h e  plane per­

pendicular  t o  the  plane of t h e  beam exert no inf luence  on t h e  measurements, 

but  those ly ing  i n  t h e  p lane  of t h e  beam may b e  allowed f o r  approximately i n  

using both  rockets  and satel l i tes  [46, 471. 

The ver t ical  r e f r a c t i o n  A B  and t h e  phase l a g  AL, obtained [34] according 

t o  r e g i s t r a t i o n s  of i from s i g n a l s  from t h e  "Elektron-1" a t  Kharkov, as a 

t y p i c a l  func t ion  of t i m e  (Moscow) and sa te l l i t e  coord ina tes  (zB and 6,) has 

a characterist ic 'minimum which corresponds t o  t h e  minimal d i s t ance  of t h e  

sa te l l i t e  (Figure 6) .  Such a func t ion  agrees  with theory.  The va lue  of A$ 
and AL may reach ( a t  a frequency of 20 MHz) t h e  order  of u n i t s  of degrees 

and t ens  of ki lometers ,  respec t ive ly .  

Regular extended ho r i zon ta l  g rad ien t s  of i t s  parameters o f t e n  exist i n  

t h e  ionosphere and these  may be s i g n i f i c a n t .  The a v a i l a b l e  da t a  are I129-
inadequate ( e spec ia l ly  f o r  t he  outer  ionosphere). I n t e r e s t  has  a r i s e n  i n  

(13) W e  a r e  tempted t o  uge t h e  "chain" method f o r  ob ta in ing  Ng f o r  
t h e  numerous r e g i s t r a t i o n s  of @ Q accumulated f o r  many years ,  al though i t  i s  
only roughly approximate. 

210 



-- 

28 I / 
27 


25 

dl,um 

6 


Figure 6. Vertical Ionospheric Refract ion At3 and Phase Lag AL 
of S igna ls  from t h e  llElektron-l" as a Function of Time (Moscow) 
and Coordinates of t h e  Satell i te Based on Observations a t  a 

Frequency of 20 MHz a t  Kharkov. 

1. AL; 2 .  A$ 

t h e  measurement of t hese  g rad ien t s  [11 - 14,  23 - 25, 46, 471. 

Measurements of t hese  g rad ien t s  can be accomplished not  only by v e r c i c a l  

probing by ionospheric  s t a t i o n s  from below and satel l i tes  from above, but  a l s o  

by t h e  r e g i s t r a t i o n s  of Q o r  Q cp' as w e l l  as t h e  combined r e g i s t r a t i o n s  of 

Q and QQ i n  t h e  Dresence of t h ree  dimensional equi l ibr ium. I n  t h e  event t h a t  

geophysics rocke ts  are used f o r  t h i s ,  t h e  observaclon p o i n t s  must be  spaced 

( fo r  measurement of t h e  t o t a l  ho r i zon ta l  g rad ien t  t he  p o i n t s  must be  angular­

l y  spaced i n  two h o r i z o n t a l  d i r e c t i o n s  [ll,231; i n  measurements on board 
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satell i tes t h e  spacing may be p a r t i a l l y  compensated by observat ions a t  one 

point  f o r  a s u f f i c i e n t l y  extended segment of an i n c l i n e d  satel l i te  o r b i t  

[24]) 

Using t h e  d a t a  about t h e  above-cited g r a d i e n t s  we  can ob ta in  information 

on t h e  r egu la r  v a r i a b l e s  of the ionosphere [16, 23, 27, 34, 36, 371. Data 

on t h i s  are s i g n i f i c a n t  f o r  ionospheric physics. and f o r  developing methods 

of ionospheric measurements ( e spec ia l ly  using @ and a,). 

The b a s i c  r e s u l t s  of measuring t h e  r egu la r  ho r i zon ta l  g rad ien t s  of ioni­

za t ion  and-va r i ab le s  of the  ionosphere are: 

1. Horizontal  g rad ien t s  are obtained of t h e  p r o f i l e s  of t h e  e n t i r e  

ionospheric l a y e r  ( including the  ou te r  ionosphere from observation of the  

s i g n a l s  from geophysics rockets  a t  spaced po in t s )  (14). 

2. It w a s  found t h a t  i n  f i r s t  approximation the relative regu la r  hori- /130 
zon ta l  g rad ien t s  of i on iza t ion  yo and y, 

where s is t h e  ho r i zon ta l  coordinate) and especia  y the  r e l a t i v e  regular  

i n s t a b i l i t i e s  of i o n i z a t i o n  110 and n, 

are p r a c t i c a l l y  independent of a l t i t u d e  i n  the  o u t e r  ionosphere and depend 

s u b s t a n t i a l l y  on t i m e  of day as w e l l  as on season and s o l a r  a c t i v i t y .  

(14) Apparently the  f i r s t  p r o f i l e s  were found i n  [46, 471 f o r  the  var­
i a b l e s  and the  ho r i zon ta l  g rad ien t s  *of No up t o  ‘L 2500 km. 
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kigure 7. The Dependence of rl(rl-105 , sec-l)  = Wlat N“ on 
Time t of Day (Local) During t h e  Period October - November, 1962 
Based on Data from t h e  Satel l i te  “Alouette” i n  the  Region 40 - 45’ N. 

1. z = 400 lan; 2.  z = 600 lan; 3. z = 800 lan; 4. z = 1OOOkm. 

Usually, o t h e r  th ings  being equal ,  with an increase  i n , s o l a r  a c t i v i t y ,  these  
grad ien ts  are increased by several t i m e s  o r  even by one order .  For example, 

with t r a n s i t i o n  from high t o  low s o l a r  a c t i v i t y  t h e  maximal value of 6 N o / & t  

i s  decreased i n  order  of magnitude from lo9 t o  108 el*cm-2’sec-1 [27, 371 (15) . 
The i n s t a b i l i t i e s  q0 and rl have two extrema i n  d i u r n a l  v a r i a t i o n :  one 

immediately af ter  s u n r i s e  and t h e  second before  sunset.  

The c h a r a c t e r i s t i c s  of t h e  v a r i a b l e s  N and N
0 are shown on Figures  7 ­

9 .  The gradien ts  Y and Yo behave l i k e  n and no. 
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Figure 8 .  Dependence of '2.100cs-a 

-1 '& 
sec and'la- at sec-' 
on standard time of day t. 

1..Third AES, February - March, 

1000 km; 

3. The relative regular gradients 


y0 and y are of the same order, they 
are maximal at sunrise (they may reach 


tenths of a percent) and are dir­


ected at this time approximate­


ly along the line east-west (+ 7 ­
0

8 ) ;  by day they are smaller by ap­
proximately an order and lie ap­


proximately in the meridional plane 


(+ 7 - 80); at sunset they are also 

increased. In order of 'magnitude
-2 km-lthey may reach % 10 

4. The irregular component of 


instability (produced by the move­


ment, onset, development and dis­


appearance of random inhomogeneities) 


1959, z = 2. "Elektron-l", is significantly smaller than the 

Februray - March, 1964, z = 1000 km; regular component. It may be experi­
3. "Elektron-l", .February- March, 

1964, z = 415 km; 4. Vertical Probe, mentally evaluated according to the 


z = zmF2. registrations of CP from signals from 

-

the rockets at spaced points [23, 361. 


The irregular components or @ and 0
9' 

Q and 9
9 
permit determination 

of several "effective" dimensions d of the inhomogeneities and the relative 
intensities 6N/N of the electron density in them ($=% =$) , and6% 


consequently, plotting of the respective spectra of the irregular effects 
and inhomogeneities [3, 10 - 13, 17, 38, 391 as well as their statistical 

characteristics [46, 471. 

Most complete are the investigations of inhomogeneities by spacing 


the observation points. 
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We may also find useful in inter­
preting the irregular (and the regular) 
components (9 and (9

(9 
the concept of (9 

and (9
(9
as gradients NOL along the satel­

lite's orbit [12, 391: 

months 


-Figure9. Seasonal Dependence of

\:-.iO'cm -2 

'set
-1 Based on Data From 

the Satellite "Vanguard - 1" in where V is the velocity of the satel­
the Period April 1959 - February, lite, NOL is obtained from NOL by sub­1960, z = 1000 km. 

stituting abL for the function c1 in 

(3) 

Below we give the basic results of analyzing the spectra of the irregular 


effects and inhomogeneities. 


1. A tendency is observed to the formation of two(I6) structures of 
large ionospheric inhomogeneities (Figure 10): (a) a kind of "quasi­
undulation" of the basic thickness of the ionosphere (in its illuminated 

part) [12, 391; (b) random cloud structure (in the unilluminated ionosphere /132 
and in the transition period). 

2. Two stable maxima are observed for the dimensions of the large in-
homogeneities: 15 - 30 lan at any time and 150 - 200 km during the day. The 

spectra of the inhomogeneitiesare expanded with transition from night to 
day(17). Apparently the diurnal variations in the dimensions are more sub-

- _ _  
(I6) These facts agree also with the data from the radioastronomical 


[40] and correlation [41] measurements of large inhomogeneities. 


(I7) See also E471 for certain information on the statistical char­

acteristics, including the correlation functions of the irregular effects 

and inhomogeneities. 
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Figure 10. Quasiundulating and Cloud S t ruc tu re  of t h e  
Ionosphere (dNOLI d s  is  t h e  Gradient Along t h e  Path of 

t h e  Beam of t h e  Tota l  Electron Content Between t h e  
Satel l i te  and t h e  Observation Poin t )  a t  D i f f e ren t  
Moments i n  T i m e  (February, 1964). 
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stantial than the seasonal variations and are caused by variation in solar 
activity; the correlation between dimensions of the inhomogeneities and the 

6N 6 6  6fluctuations in electron density -(or s-4 remain high up to values of 
d 100 km; when d > 100 km this correlation is diminished. /133 

3. Small inhomogeneities ( d 5 1 km) predominate at night and in the 
vicinity of the maximum N in the F2 region. 

Comparisons and prospects of the methods of ionospheric measurements 
on registering the Faraday and Doppler effects at coherent frequencies: 

(1) The method of the Faraday effect is the simplest and cheapest, 
but also the least accurate mainly due to inaccuracy in the information on 
the geomagnetic field and also due to the difficulties of processing and 
interpretation; the method of the Doppler effect at coherent frequencies is 
more accurate but requires special receivers and coherent.radiation from the 
object in space; interpretation and processing in the first case is more com­
plex than in the second; 

(2) The combined use of both methods, by increasing the information, 
leads apparently to a decrease in accuracy (in comparison with the accuracy 
of the method of coherent frequencies); 

(3 )  Observations of the effects at the site of the vertical roc­
ket launch permit determining the vertical profile of the ionosphere with a 
high degree of accuracy. Observations of the signals from satellites and roc­
kets with oblique propagation of radio waves permit measuring NB more 
roughly but make it possible to measure a number of other effects and para­

meters (total electron content NOL and N0’ the gradients y0 and y, inhomo­
geneities, refraction, etc.). 

Therefore it is feasible to carry out simultaneously combined measure­
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ments usinggeophysical  rocke ts  a t  t h e  launching s i t e  and a t  spaced po in t s ,  

combined measurements using sa te l l i t es  and rocke t s ,  and e spec ia l ly  i n  conjunc­

t i o n  with such promising methods as vertical  probing from above with satellites 

and the  method of incoherent  s c a t t e r i n g  of r ad io  waves i n  t h e  ionosphere. 

For a more p rec i se  measurement of t h e  "fine" s t r u c t u r e  of t h e  vertical  

p r o f i l e s  N of t h e  ionosphere (and e s p e c i a l l y  i n  t h e  "troughs" between t h e  E 

and F and between t h e  F1 and F2 l aye r s )  t h e  b e s t  method i n  t h e  f u t u r e  w i l l  be  

apparent ly  t h e  method of coherent r ad io  waves emi t ted  by geophysical rockets  

and r eg i s t e red  i n  t h e  v i c i n i t y  of t h e  launch (18) . 
The so-called "geostat ic"  sa te l l i tes  using t h e  Doppler e f f e c t  f o r  

coherent f requencies ,  t h e  Faraday e f f e c t  and a l s o  group delay are convenient , 
f o r  obtaining t h e  time dependences N0( t )  and i n  p a r t i c u l a r  t h e  i n s t a b i l i t i e s o f  

t h e  ionosphere (a N o / a t ) .  

I n  measurements by any of t h e  la tes t  methods i t  i s  always des i r ab le  

t o  have a simultaneous vertical  probe of t h e  ionosphere. 

METHODS BASED ON MEASURING REFRACTION AND LAG 

Methods, based on measuring r e f r ac t ion .  Based on measurement of t he  

angles  of incidence of t h e  s i g n a l s  from sa te l l i t es  o r  rockets  ( e i t h e r  from 

na tu ra l  emitters o r  re-emitters of radiowaves) whose coordinates  

are known o r  are measured by o the r  methods wi th  s u f f i c i e n t  accuracy, we 

can a l s o  measure t h e  ionospheric  parameters and p r imar i ly  N0 (see,  f o r  ex­

ample [42]) with acceptab le  accuracy. 

(18) A s  w e l l  as t h e  method of "incoherentt1 s c a t t e r i n g  of r ad io  waves 
by t h e  ionosphere, which i s  examined i n  t h e  next  ar t ic le .  An example of 
t he  combined measurements by d i f f e r e n t  radiosphysics  methods i s  shown i n  
[461 
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A p e c u l i a r i t y  of t h e  r e f r a c t i o n  methods is t h a t  they are effective a t  

r a t h e r  small angles  B B .  A t  t h e  s a m e  time the methods based on the Doppler 

and Faraday e f f e c t s  g ive  an acceptab le  accuracy f o r  rather l a r g e  BB' Con­

sequent ly ,  t hese  and o t h e r  methods mutually complement each other .  However 

t h e  accuracy of t h e  r e f r a c t i o n  methods i s  usua l ly  l o w .  

The method of t h e  so-called "radio r i s ing"  and "radio se t t i ng"  is based /134 
on measuring r e f r a c t i o n  a t  t h e  zero angle  of e l eva t ion  of t h e  beam. It w a s  

f i r s t  proposed and used by Ya .  L. Al 'per t  i n  t h e  f i r s t  measurements of t h e  

ou te r  ionosphere using sa te l l i t es  ( the  f i r s t  AES, 1957) f o r  an  approximate 

determinat ion of t h e  parameters f o r  t h e  a p r i o r i  given model of t h e  iono­

sphere [ 4 3 ]  (''I. The ho r i zon ta l  i on iza t ion  g rad ien t s  w e r e  no t  taken i n t o  

account.  Kew r e s u l t s  have Seen obtained +ich pronerly cha rac t e r i ze  t h e  

considerable  ex ten t  of t h e  ionosphere and agree wi th  o the r  measurements. The 

method has  more than h i s t o r i c a l  s ign i f icance .  It can be used a l s o  i n  the  

f u t u r e  i n  t h e  s imples t  observat ions of m a s s ,  e spec ia l ly  i n  t h e  simultaneous 

use of r a d i a t i o n  a t  two f requencies  ( i t  permits allowing f o r  t ropospheric  

r e f r a c t i o n s ,  f a c i l i t a t e s  exclusion of t he  cases of a complex propagation 

path,  e t c . ) .  With a s l i g h t  complication of t h e  experiment, an approximate 

accounting of t h e  ho r i zon ta l  g rad ien t s  of N i s  a l s o  poss ib le .  

Method based on measuring group lag .  I n  add i t ion  t o  t h e  well-known 

and important use of t h i s  method f o r  vertical  probing of t h e  ionosphere 

from the  Earth and from above from satel l i tes ,  the  method permits  determin­

ing N with a high degree of accuracy i n  the  general  case where n depends0 

on t h r e e  coordinates  and t ,  using two o r  more modulation s igna l s .  

Here i t  is  n o t  completely necessary t h a t  one of t h e  f requencies  be very  

high; i t  i s  s u f f i c i e n t  only t h a t  both frequencies  exceed t h e  c r i t i c a l  fre­

quency of t h e  

(19) As 
value i s  some 

ionosphere by seve ra l  t i m e s .  

is done usua l ly  i n  a l l  methods i n  which t h e  i n i t i a l  measured 
kind of i n t e g r a l  effect. 
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Among t h e  most i n t e r e s t i n g  d a t a  on t h e  ou te r  ionosphere obtained by 

probing from above from satellites, w e  should mention t h e  information on 

the  r e l a t i o n s h i p  between t h e  ionospheric p r o f i l e s  and geographic coordinates ,  

and the  discovery i n  p a r t i c u l a r  of deep troughs a t  the levels N = const because 

of t h e  unusual previously unknown hor i zon ta l  g rad ien t s  i n  a l i m i t e d  l a t i t u d e  

region i n  the  l a r g e  l a y e r  of t h e  ou te r  ionosphere [3, 291, and a l s o  t h e  d i s ­

covery of resonance phenomena a t  t h e  n a t u r a l  f requencies  of t h e  plasma. The 

described method, along with the  method of incoherent s c a t t e r i n g ,  is  the  

most promising f o r  i nves t iga t ing  N of t h e  ou te r  ionosphere. W e  can hope t h a t  

the wide-spread usage of t hese  methods must i n  t h e  immediate f u t u r e  introduce 

s i g n i f i c a n t  c l a r i t y  i n t o  t h e  physics of t h i s  region. 

Of t h e  o the r  radiophysicalmethods of i n v e s t i g a t i n g  c i r c u m t e r r e s t r i a l  

plasma, we must mention t h e  radioastronomical methods (see, f o r  example, 

[40, 44, 4511, the  use of whist l ing atmospherics and low-frequency waves i n  

general  [3, 431, the  methods of t h e  impedance probe [12] and o the r s ,  
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IONOSPHERIC MEASUP,E.IENTS USING THE METHOD OF INCOHERENT 
SCATTERING OF M I 0  TJAVES BY THE IONOSPHERE 

V. A. Misyura, G. N. Tkachev, 

V. Ya. Bludov and Yu. G. Yerokhin 


ABSTRACT. In principle, the incoherent-scattering 

method makes it possible to take regular measurements of 

ionospheric parameters in half-space around the observation 

point at distances of up to a few radii of the Earth. 


In addition to measuring the electron density, this 
method can also be applied to measuring the temperature 
of ions (T.) and electrons (T ) and ion composition.

1 e 


MAIN POINTS OF THE METHOD 


The methods employed for investigating the outer ionosphere using 1136 


radio waves propagating from rockets and satellites, just as other methods 


(probe and radioastronomical, vertical probing, lunar radar, etc.) may have 


a number of disadvantages such as limitations in the number of measurable 


parameters, irregularity in the measurements, indeterminancy in the location 


of the region to which the measurements pertain, oryonthe other hand, locali­


zation of this region (for example, measuring N only along the orbit of 


the emitters, only from one side of the ionosphere [above or below], or 


measurement only of the total electron content up to the trajectory of the 


object), etc. At the same time it is important to obtain N regularly as 


a function of three instantaneous coordinates throughout the entire iono­


sphere (outer and lower) and also to increase the number of measurable para­


meters (Te, Ti, ion composition, etc.). 
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l 

$ 

There is a new method f o r  i n v e s t i g a t i n g  t h e  ionosphere, based on t h e  so-

c a l l e d  "incoherent" s c a t t e r i n g  of r ad io  waves by t h e  ionosphere, t h a t  is f r e e  

t o  a s i g n i f i c a n t  degree from t h e s e  disadvantages and which supplements t h e  

previous methods. I n  p a r t i c u l a r ,  t h i s  method apparently permits,  i n  theory,  

obtaining r egu la r  measurements of t h e  ionospheric parameters i n  t h e  h a l f - space 

around t h e  observation p o i n t  out  t o  a d i s t ance  of several e a r t h  r a d i i  [l]. I n  
add i t ion  t o  t h e  e l e c t r o n  dens i ty  N,  i t  i s  poss ib l e  t o  measure Te, Ti, Te/Ti 

as w e l l  as t h e  i o n  composition of t h e  ionosphere. The new prospects of t h i s  

method have created considerable  i n t e r e s t  among s c i e n t i f i c  circles. 

The b a s i s  of t h i s  method is s c a t t e r i n g  by the  ionosphere of r ad io  s i g n a l s  

whose frequency s i g n i f i c a n t l y  exceeds t h e  maximal plasma frequency of t h e  

ionosphere : 

where e, m are t h e  charge and m a s s  of the  e l ec t ron ;  �0 i s  t h e  d i e l e c t r i c  

constant  i n  a vacuum i n  the  p r a c t i c a l  system of u n i t s ;  
NmaX 

i s  t h e  maximal 

value of N. The i n i t i a l  measurements are the  i n t e n s i t y  P and t h e  spectrum u 
S w 

of s c a t t e r i n g ,  which depend on the  parameters of the plasma. 

In  1958 Gordon f i r s t  [l] noted t h a t  i n  probing the  ionosphere by modem 
high-potent ia l  USW-range radar ,  i t  is  poss ib l e  t o  record s i g n a l s  /137 
s c a t t e r e d  by the  f r e e  e l e c t r o n s  of t h e  ionosphere. 

The phenomenon of electromagnetic wave s c a t t e r i n g  by f r e e  e l e c t r o n s  

(Thomson-type s c a t t e r i n g )  has been known f o r  some t i m e  i n  physics.  Assuming 

the  f l u c t u a t i o n  phases of t h e  f r e e  e l e c t r o n s  t o  be random and equa l ly  probable, 

Gordon suggested t h a t  the  s c a t t e r i n g  by e l e c t r o n s  w i l l  be "incoherent" and 

consequently the powers d i s s i p a t e d  by t h e  ind iv idua l  e l e c t r o n s  must b e  com­

bined and independent of the  frequency w 0' The t o t a l  s c a t t e r i n g  i n t e n s i t y  of 
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t h e  i r r a d i a t e d  volume V of t he  ionosphere must t he re fo re  be  propor t iona l  t o  

t h e  number of e l e c t r o n s  i n  t h i s  volume, and consequently,  i t  must be pro­

por t iona l  t o  t h e  product of V t i m e s  t h e  va lue  of t h e  mean e l e c t r o n  concen­

t r a t i o n  N i n  t h i s  volume and be independent of t h e  frequency of emission w
0' 

When pu l se  r ada r s  are used, t h e  volume V is determined (Figure 1 a )  by 

t h e  width of t h e  r a d i a t i o n  p a t t e r n  of t h e  radar  antenna and by t h e  dura t ion  

of t h e  emit ted pu l se  T. The ex ten t  of AR along t h e  radar  beam R of t h e  

s c a t t e r i n g  volume V, and consequently, t h e  reso lv ing  power of t h e  measure­

ments of N along R w i l l  obviously be equal t o  AR = 112 C T ,  where c i s  t h e  
speed of l i g h t  i n  a vacuum ( wo >> wp l  ,max and the re fo re  with a 

high degree of accuracy t h e  group v e l o c i t y  of t h e  s i g n a l  i n  t h e  ionosphere 

i s  equal  t o  c ) .  The mean d i s t ance  R t o  t h e  volume V i s  def ined as R = 

112 cAt, where A t  i s  t h e  i n t e r v a l  of t i m e  between emission of t h e  probe 

pulse  and t h e  arrival of t h e  sca t t e red  volume V of emission. Usually 

R >AR and V N R ~ A R Q, where R i s  t h e  s o l i d  angle  of t h e  r a d i a t i o n  p a t t e r n  

of t h e  antenna. 

In  v i e w  of t h e  f a c t  t h a t  t h e  power s c a t t e r e d  by t h e  volume V, when i t  

is i r r a d i a t e d  by one pulse ,  i s  q u i t e  small ,  i t  i s  t echn ica l ly  poss ib l e  t o  

increase  t h e  energy of t he  s c a t t e r e d  s i g n a l  received by summing t h e  s c a t t e r i n g  

energ ies  of a l a r g e  number of pu lses  (many thousands), using modern s to rage  

c i r c u i t s .  Because of t h e  pulsed opera t ion  of t h e  radar  i t  i s  poss ib l e  a l s o ,  

f o r  t h e  i r r a d i a t i o n  t o  d i s t ingu i sh  success ive ly  d i f f e r e n t  reg ions  of t h e  

ionosphere V along the  beam and t o  determine the  varying d i s t ance  R t o  these  

regions from measurements of A t  by what i s  c a l l e d  s t rob ing .  Thus w e  can f i n d  

t h e  N p r o f i l e  along the  radar  beam. 

W e  can d i s t i n g u i s h  t h e  s c a t t e r i n g  volume V and determine t h e  d i s t ance  R 
t o  i t  a l s o  with continuous emission (so-called b i s t a t i c  equipment, t h e  ad­

vantages of which w e  s h a l l  d i scuss  below). For t h i s  (Figure 1 b)  w e  space 

t h e  antennas of t he  t r ansmi t t i ng  and rece iv ing  emquipment. Then 
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V is t h e  volume of t he  mutual over­

lapping of t h e  r ad ia t ion  p a t t e r n  of 

both antennas.  I f  w e  s h i f t  ("scan") 
t he  r a d i a t i o n  p a t t e r n  of t h e  recei­

ving antenna along t h e  angle  of ele­

va t ion ,  then the  volume V w i l l  be 

s h i f t e d  along t h e  v e r t i c a l  (of 
course another  v a r i a t i o n  is a l s o  possi­

, b l e ,  i.e. s h i f t  of V along t h e  s lope) .  
a b 


Figure 1. Shaping of t h e  Sca t te r ing  
Volume V (Shades Area). 

a. 	 Using Pulse  Radar: b. Continuous 
Radiation ( B i s t a t i c  Equipment) ; 
'* Transmitting Equipment; 2 .  Re­
ce iv ing  Equipment With Scanning of 
Angle of Elevat ion (Depicted by t h e  

Arrows). 

t h e  s c a t t e r i n g  spectrum (w -wons 

A s  f a r  as t h e  spectrum of t h e  /138 

s c a t t e r e d  r a d i a t i o n  is concerned, i n  Gor­
don's opinion,  i t  must then d i f f e r  

from t h e  i r r a d i a t i o n  spectrum by t h e  

Doppler frequency s h i f t s  w due t o  t h e  
chaotic thermal ve loc i t ies  of the 

e l e c t r o n s  ve' which determine the  

e l e c t r o n  temperature T . Consequentlye 
Te can be determined from t h e  width of 

wo f ~ ~ )- (1). 

Since f l u c t u a t i o n s  a r i s e  i n  t h e  e l e c t r o n  dens i ty  AN because of t h e  

thermal movement of t h e  e l e c t r o n s  w e  can then i n t e r p r e t  t h e  s c a t t e r i n g  of 

r ad io  waves as s c a t t e r i n g  on these  f luc tua t ions .  For t h e  following discussion 

le t  us in t roduce  t h e  concepts used i n  physics  (see,  f o r  example, [ l ,  21) :  

_ _  - ~- .- _. - .- - - __ ~ 

Since on t h e  average i n  t h e  ionosphere v Q, 105 m'sec -1 , then f o r  e ­
t h e  frequency f 0 = w 0/2n = 40 MHz, w e  would expect t h e  width of t h e  scatter­

ing  spectrum t o  be -Q, 100 kHz. 



is the  e f f e c t i v e  s c a t t e r i n g  c ros s  s e c t i o n  of a s i n g l e  e l e c t r o n ,  i.e. t h e  

r a t i o  of t h e  amount of s c a t t e r e d  power per u n i t  of t h e  s o l i d  angle i n  a 
given d i r e c t i o n  t o  t h e  dens i ty  of t h e  energy f l u x  inc iden t  on the  e l ec t ron ,  

2where r e = e /mc2 is  t h e  classical r ad ius  of the  e l e c t r o n ,  8 i s  the  angle  

between t h e  vector  E of t h e  inc iden t  wave and the  d i r e c t i o n  of t h e  s c a t t e r e d  

er ad ia t ion .  In  p a r t i c u l a r ,  in ue f o r  backsca t t e r ing  of an e l e c t r o n ,  r2 = 8.10' 

10'30m2. Analogously we introduce the  e f f e c t i v e  c r o s s  s e c t i o n  Q of the  

system of scatterers o r  t h e  t o t a l  ( i n t e g r a l )  s c a t t e r i n g  c r o s s  sec t ion  and the  

s p e c t r a l  o r  d i f f e r e n t i a l  s c a t t e r i n g  c ros s  s e c t i o n  u ( o , f _ O ) O r  Om, $.e. s 

the  e f f e c t i v e  s c a t t e r i n g  c ros s  s e c t i o n  per u n i t  of s p e c t r a l  width of the  

s c a t t e r e d  r a d i a t i o n ,  mutually r e l a t e d  i n  t h e  usual  manner: 

A r e l a t i o n s h i p ,  obtained by a number of authors  (see,  f o r  example, [3 ] ,  p. 68, 

[ 4 ,  5, 6 ] ) ,  e x i s t s  between u f o r  the volume V and the  f l u c t u a t i o n s  AN of 
w 

e l e c t r o n s  i n  t h i s  volume: 

where Q is  the  wave vector  equal t o  k
inc  - k r e f l ;  I AN (q, O )  I ' i s  t h e  mean 

square value of the  modulus of the  Fourier-transform f o r  the  f l u c t u a t i o n s  

A N ( r ,  t )  i n  e l ec t ron  concentration. 

As mentioned, Gordon assumed [l] t h a t  the ionospheric e l e c t r o n s  s c a t t e r  

t h e  inc iden t  r ad io  waves incoherently.  The t o t a l  s c a t t e r i n g  cross  s e c t i o n  

of the  f r e e  e l ec t rons  Q per u n i t  volume V i n  computing (2) w i l l  be 

=a,N, ( 4 )  

i.e. i t  agrees  with the  Thomson formula. By d e f i n i t i o n  
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P,)- av. ( 4 ' )  

The presence of ions,  whose inf luence  on t h e  e l ec t ron  motium w a s  no t  

taken i n t o  account by Gordon, makes AN(q,w) dependent on t h e  movement 

of t he  ions  because of t he  ex is tence  i n  t h e  plasma of a se l f -cons is ten t  

Coulomb i n t e r a c t i o n  between e l ec t rons  and ions.  This l eads  t o  another ( i n  

add i t ion  t o  t h e  mean f r e e  path7(2)character is t ic  dimension, i .e . ,  t h e  Debye 

r ad ius  of t h e  e l ec t rons :  

where k i s  t h e  Boltzmann cons tan t ,  v e i s  t h e  average thermal v e l o c i t y  of t h e  /139 
e lec t rons .  The s c a t t e r i n g  of e l e c t r o n s  i n  the  genera l  ca se  of an a r b i t r a r y  

r e l a t ionsh ip  between X and d w i l l  no longer  be purely incoherent .  The in f lu ­

ence of ions  on t h e  exc i ted  motion of t h e  e l ec t rons  i s  manifested a l l  t he  

s t ronger ,  and consequently,  t h e  dev ia t ion  of t h e  s c a t t e r i n g  from Thomson 

s c a t t e r i n g  by f r e e  e l ec t rons  w i l l  be  a l l  t h e  g rea t e r  as t h e  following in­

equa l i ty  i s  s a t i s f i e d  more s t rongly ,  

and v i c e  versa  when h<d , formula ( 4 )  is  aga in  found t o  be v a l i d  ( see ,  

f o r  example [ z  I ) ,  i .e .  t h e  inf luence  of t he  ions  on t h e  s c a t t e r i n g  of 

r ad io  waves i s  no t  manifested.  It is  c l e a r  t h a t  i n  t h i s  l a t t e r  case  

many 1 are packed wi th in  t h e  l i m i t s  of d ,  and t h e  movement of t h e  e l ec t rons  on an 

i n t e r v a l  equal  t o  X may be assumed uniform, i .e .  independent of t he  ion 

movement. 

The f irst  experiments conducted by Bowles i n  1958 [ 7 ]  showed t h a t  t he  

(2) I n  t h e  r a t i o n a l i z e d  system of mks u n i t s .  
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s c a t t e r i n g  i n t e n s i t y  is less  than t h a t  pred ic ted  by Gordon by approximately two 

t i m e s  (when Te = T.) ,  and t h e  spectrum is  s u b s t a n t i a l l y  (by an  order  o r  more)
1 


narrower. The reason f o r  t h i s  l a t te r ,  as Bowles c o r r e c t l y  assumed [8] i n  

h i s  q u a l i t a t i v e  theory,  involves  t h e  inf luence  of Coulomb 

i n t e r a c t i o n  between t h e  e l e c t r o n s  and the  ions(3) which Gordon d id  not  take  

i n t o  account. Subsequent, including s t r ic te r ,  t h e o r i e s  of incoherent  scatter­

ing  IS, 6, 8 - 103 took t h i s  f a c t  i n t o  account and w e r e  found t o  be i n  agree­

ment with experiment. 

I n  Reference [81 Bowles s tud ied  t h e  s c a t t e r i n g  of r a d i o  waves i n  an e lec t ron  

gas introduced i n t o  a viscous medium cons i s t ing  of p o s i t i v e  ions.  The dens i ty  

of t h e  ions  w a s  assumed t o  be v a r i a b l e ,  and r e l a t i v e l y  slowly f l u c t u a t i n g  

( i n  comparison with t h e  more r ap id  f l u c t u a t i o n s  of t h e  e l e c t r o n  dens i ty)  due 

t o  t h e  thermal v e l o c i t y  of t h e  ions.  Accordingly t h e  e l e c t r o s t a t i c  f i e l d  of 

t h e  ions  a l s o  f luc tua ted  alowly. It inf luenced t h e  f a s t  f l u c t u a t i o n s  i n  

e l ec t ron  dens i ty  and caused i t  t o  f l u c t u a t e  l i k e  ions ,  i .e.  more slowly. 

Then t h e  s c a t t e r i n g  i n t e n s i t y  w a s  determined as previously by s c a t t e r i n g  on 

e l e ~ t r o n s ( ~ ) , a n dt h e  spectrum w a s  determined by t h e  thermal v e l o c i t i e s  of t h e  

ions ,  which are n a t u r a l l y  less than t h e  thermal v e l o c i t i e s  of t he  f r e e  e l ec t rons .  

This a l s o  l ed  t o  a narrowing of t h e  s c a t t e r i n g  spectrum. 

I n  t h e  present  q u a l i t a t i v e  and s impl i f i ed  examination of t h e  concept of 

t he  incoherent s c a t t e r i n g  method, t h e  more complex a c t u a l  p i c t u r e  of the 
phenomenon 

(3)  Condition ( 6 )  w a s  r e l i a b l y  s a t i s f i e d  experimental ly  [7 ,  81 , s ince  
A = 7.3 m y  and d v a r i e s  from f r a c t i o n s  t o  t e n s  of cent imeters  between F2 and 
t h e  magnetosphere. 

(4) The ion  s c a t t e r i n g  power i s  obviously much less than the  e l ec t ron  
and can be completely ignored ( f o r  ions  of atoms of oxygen O+, of hydrogen H+ 
and helium He+ and an  e l ec t ron  of r ad ius  r ,  i t  is  r e spec t ive ly  equal  t o :  

9.6*10-20; 1.54'10-18:; 3.84*10-19; 2.82.10-15 m). 
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assoc ia ted  wi th  t h e  e f f e c t  which t h e  temperature imbalance of i ons  and elec­

>Tt rons  (T e i1, t h e  multiple-component na tu re  of t h e  plasma, t h e  geomagnetic 

f i e l d ,  c o l l i s i o n s ,  t h e  nonmonochromaticity of radar  emission etc., have on 

incoherent s c a t t e r i n g  w a s  no t  taken i n t o  account. These problems w i l l  be  

covered i n  t h e  s e c t i o n s  concerned wi th  t h e  i n i t i a l  q u a n t i t a t i v e  d a t a  f o r  t h e  

method taken from t h e  modem theory of incoherent  s c a t t e r i n g  and a l s o  i n  

s e c t i o n s  dea l ing  w i t h  t h e  method of proce’ssing and i n t e r p r e t i n g  experimental  

data .  For t h e  present  le t  us confine ourselves  t o  mentioning t h a t  under t h e  

inf luence  of t h e  magnetic f i e l d ,  temperature imbalance and t h e  mult iple-

component na tu re  of t h e  plasma, t h i s  l a t t e r  appears t o  be  a complex System wi th  

many degrees of freedom i n  which t h e  increas ing  number of types of waves, 

f luc tua t ions  and resonances must be  r e f l e c t e d  i n  the phenomenon of r ad io  

wave s c a t t e r i n g ,  thus  complicating i t s  u t i l i z a t i o n  i n  t h e  method, on t h e  one 

hand. and increas ing  t h e  use fu l  information on t h e  parameters of t h e  ionos­

phe r i c  plasma and t h e  phys ica l  processes  i n  i t ,  on t h e  o ther .  I n  p a r t i c u l a r ,  

a l a r g e  number of c h a r a c t e r i s t i c  dimensions are found (gyroradi i  of var ious  

s o r t s  of ions  and e l ec t rons ,  t h e i r  mean f r e e  pa th ,  t h e  r a d i i  of c o r r e l a t i o n  

of t h e  f luc tua t ions  and t h e i r  dens i ty ,  t h e  Debye rad ius ,  etc.) whose r e l a t ion ­

sh ip  with t h e  wavelength of t h e  radar  emission should t h e o r e t i c a l l y  a f f e c t  

t h e  i n t e n s i t y  (P % 0 )  and t h e  s p e c t r a  u of t h e  s c a t t e r e d  r ad ia t ion .  How-
S w 

ever i n  a strict examination i t  w a s  found (see  below) t h a t  t h e  magnetic 

f i e l d  may inf luence  t h e  shape of u but  when Te = Ti i t  can i n  no way in­
0’ 

f luence  Ps. The in f luence  of t h e  presence of s eve ra l  s o r t s  of i ons ,  and 

e spec ia l ly  t h e  temperature imbalance, i s  more complex and usua l ly  s u b s t a n t i a l .  

The c o l l i s i o n s  may have s ign i f i cance  i n  t h e  lower ionosphere. 

INITIAL RESULTS OF THE THEORY 

L e t  us c i t e  t h e  b a s i c  r e s u l t s  of t h e  modern q u a n t i t a t i v e  theory of 

electromagnetic wave s c a t t e r i n g  by f l u c t u a t i o n s  i n  e l ec t ron  concentrat ion 

( see  a l s o  [13, 18, 4 3 1 ) .  
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To s impl i fy  t h e  a n a l y s i s  l e t  u s  look a t  two t y p i c a l  modif icat ions:  (1) 

The plasma is  isothermal  (Te = T.) and the  cons tan t  magnetic f i e l d  i s  taken
1 

i n t o  account; and (2) The plasma is p a r t i a l l y  nonisothermal (Te # Ti but  

t h e  temperatures of t h e  d i f f e r e n t  ions  are i d e n t i c a l ) ,  and t h e  magnetic f i e l d  

may be taken i n t o  account o r  ( fo r  s impl i c i ty )  no t  taken i n t o  account. Such 

an approach, without l i m i t i n g  the  gene ra l i t y ,  permits  e s t ab l i sh ing  t h e  most 

fundamental r e l a t i o n s h i p s  f o r  s c a t t e r i n g  i n t e n s i t y  (P 
S 

% 0 )  and s p e c t r a  uw of 

s c a t t e r i n g  as func t ions  of :  (1) d ,  A and t h e  gy ro rad i i  R of t h e  

ions  (Ri) and the  e l e c t r o n  (Re) i n  the  f irst  ve r s ion ;  and (2.) d,  A 

IT. i n  t h e  second; i t  a l s o  permits eva lua t ing  t h e  inf luence  of ion com­and Te 1  

pos i t i on  of P

S 
and u w . 


The case of isothermal  plasma i n  allowing f o r  a cons tan t  magnetic f i e l d .  

The b a s i c  assumptions of t h e  q u a l i t a t i v e  theory [8] are given above. I n  sub­

sequent q u a l i t a t i v e  t h e o r i e s  f o r  T = Ti [6 - 101, s i m i l a r  [8] models of plas­e 
m a  w e r e  used t h a t  c o n s i s t  of e l ec t rons  and ions .  The problem w a s  solved both 

by ignoring and by allowing f o r  t h e  magnetic f i e l d ,  which w a s  assumed cons tan t ,  

as i s  near  t o  a c t u a l  condi t ions  t h a t  e x i s t  i n  t h e  i r r a d i a t e d  volume of t h e  

ionosphere. With a s t r i c t  examination i t  w a s  found t h a t  allowing f o r  t h e  mag­

n e t i c  f i e l d  does no t  a f f e c t  t h e  i n t e n s i t y  of t he  s c a t t e r e d  r a d i a t i ~ n ' ~ ) ,but  

under c e r t a i n  condi t ions  may inf luence  t h e  shape of i t s  spectrum [6 - 101. To 

compute the  spectrum of t h e  s c a t t e r i n g  i n t e n s i t y  w e  used t h e  general ized Ny­

q u i s t  theorem which i n  app l i ca t ion  t o  plasma is  v a l i d  when T = Ti(6) (thoughe 
t h i s  does not  always occur i n  t h e  ionosphere).  The c ross  sec t ion  u obtained w 
i n  these papers i s  q u i t e  complex and is  expressed through t h e  e f f e c t i v e  tensor  

(5) When Te >> Ti t h e  va lue  of P
S 

a l ready  depends on t h e  magnetic f i e l d  
[39, 401. 

( 6 )  A nonisothermal plasma (Te # Ti) may be assumed t o  b e  i n  quasi-equi l i ­
brium (because of t he  s i g n i f i c a n t l y  slower exchange of energy between e l ec t rons  
and ions  than between p a r t i c l e s  of one s o r t )  and consequently w e  can use 
t h e  Nyquist theorem (on the  inf luences  of c o l l i s i o n s ;  see [38, 4 4 1 ) .  
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of plasma conduct ivi ty  which conta ins  the  product of t h r e e  tensors ,  each of 

t h e  elements of which is  i n  t u r n  a complex func t ion  of a number of parameters. 

L e t  us g ive  t h e  b a s i c  r e l a t i o n s h i p s  and r e s u l t s  of t h e i r  a n a l y s i s  by 

following these  papers.  

As w e  know, t o  ob ta in  i n  e x p l i c i t  form t h e  expressions f o r  u and u w e  w 
must compute IAN(q* . For t h i s ,  i n  t he  s tud ied  case T = Ti = T, we can e 
use t h e  genera l ized  Nyquist theorem which confirms t h a t  i f  t h e  system of 

p a r t i c l e s  i s  inf luenced by t h e  general ized fo rce  F which produces i n  t h e  

volume V t h e  p a r t i c l e  f l u x  y ,  then t h e  mean square of t he  modulus of t h e  it h  

component of t h e  Four ie r  t ransform f o r  t h e  f l u c t u a t i o n  i n  f l u x  is equal  t o  

i.e. i t  is  propor t iona l  t o  t h e  real p a r t  (Re) of t he  conduct iv i ty  tensor  of /141 
t h e  p a r t i c l e s  Y. I n  app l i ca t ion  t o  t h i s  problem assuming i n  such case t h a t  

t h e  e x t e r n a l l y  appl ied  fo rce  i s  s m a l l  and inf luences  only t h e  e l ec t rons  ( t h e  

o the r  assumptions w i l l  be  examined below), when T e = Ti, by introducing the  

e f f e c t i v e  conduct iv i ty  tensor  of t h e  plasma Y ' ,  w e  can write (6):  

o r  by d i r e c t i n g  t h e  z-axis of t h e  rec tangular  coordinate  system along q and 

taking (3) i n t o  account,  w e  ob ta in  

where t h e  e f f e c t i v e  conduct iv i ty  tensor  of t h e  plasma Y' is  r e l a t e d  t o  t h e  zz  
t enso r s  of t h e  e l ec t ron  Ye and ion  Yi conduct iv i ty  by t h e  expression 
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where 


and I is the unit tensor. If, for convenience, we introduce the dimension­


less tensor y and the matrix g for the expressions 


we ultimately find 


where 


Thus, the problem of finding the effective scattering cross sect-Jn is 

reduced to finding the tensors of the electron and ion conductivity. It can 
be solved by two methods: the orbital method -- by integrating the equa­

tions of motion of the particlestandby solving the kinetic Boltzmann equa­

tion. Although the first method is physically obvious, the second is 

mathematically more strict. 

The rather complex expression (9) for the tensor of the effective con­

ductivity y;= ,  and consequently expression ( 8 )  for CT in the specific case w 
of inverse scattering under the condition 
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may be significantly simplified and written in the form 


where 


a,  R are the gyrofrequency and gyroradius of the charged particles; B is the 1142 
magnetic field strength (inductance); 4 ,  8 are the normalized gyrofrequency 
and Doppler frequency 

d is the Debye radius; wo is the effective frequency; x is the acute angle 
-between the vectors q = kinc - krefl and the magnetic field strength B. 

For electrons and ions the expressions for Y 4 ,  $, m, and R must 
ZZ , 

have the superscripts i and e. Condition (10) is satisfied, for example, 
for protons when 

mef o =00 =50 MHZ and p1- 2n­2n 
- PI- 10 MHz for 0 <x Q 89'.4. 

Expression (11) permits simplifying, analyzing and plotting the respec­
tive curves, which are found to be different for different relationships 
between h'=h/4n , the gyroradii Re and d and Ri. Accordingly we 
can distinguish five characteristic cases: (1) A' ( (  Re(( R.' ; (2) 

h ' x R . g R i . ;  (3) R e ( ( h ' < R i ;  ( 4 )  R C < h ' s  R' ;, and (5) 

~ e R ' < h '  Illustrations. of the computations are shown on Figures 2 
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-vz Figure 3. Sca t t e r ing  Spec t rao  -V6Figure 2. The Spectrum '0 Re Rr: 
(Ordinate Axis) f o r  0+ when Te = f o r  0+ when Te << Ti = T,  RC re ~i 

T. .  Re 
<Y A << Ri as a Function of 	 as a Function of (.3*=i720' with 

Various x f o r  A >> d. 

( f o r  0"). 

a. 	 x*>ao.s-a) ; b. A '  < d f o r  
Various x. 

'Is 
and 3. The normalized Doppler frequency ( 2 k ~ )  i s  p l o t t e d  along t h e-!!% 

lfG# 
absc issa ;  ' is p lo t t ed  along t h e  o rd ina te ;  x is t h e  parameter given 

on t h e  curves.  

L e t  us mention t h a t  Re and Ri i n  a real ionosphere vary(7)  with a l t i t u d e  

j u s t  a s  d va r i e s .  Cases (3) and ( 4 )  most o f t e n  a r e  v a l i d  i n  f a c t .  

The spec t r a  0 i n  Case (3) depend s u b s t a n t i a l l y  on t h e  degree of close­
w 

ness of t h e  angle  x t o  a12 and are d i f f e r e n t  when dh' 2 1 ; f o r  1' >d 

(Figure 2 a ) f o r  s m a l l  angles  x t h e  spec t r a  d are double-humped, wide and w 
f l a t .  Phys ica l ly  t h e  second hump corresponds t o  s c a t t e r i n g  by ion-accouDtica1 1143 

(7) I n  t h e  v i c i n i t  of t h e  F2 maximum a t  middle l a t i t u d e s ,  Re and Ri 

f o r  atomic ions  of O', H7 and He+ are on t h e  order  of 1 0  - 1, 1000 - 300, 
300 - 100 and 500 - 200 cm,  respec t ive ly .  
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waves having a resonance charac te r .  As w e  s h a l l  see below t h i s  e f f e c t  appears 

more c l e a r l y  i n  t h e  absence of a temperature balance (Te # Ti) i n  t h e  plasma. 

With t h e  approach of x + IT/^ t h e  spec t r a  become single-humped, are narrowed 

and become h igher ;  when X '  < d (Figure 2 b) t h e  spec t r a  uw f o r  any x are 

single-humped; when x + a12 they are sharply narrowed and extend upward. 

In  Case ( 4 )  when A '  < d t h e  spec t r a  u are the  s a m e  as i n  Case (3);  when w 
A '  d and wi th  s u f f i c i e n t  nearness  of x + a/2, f o r  u t h e  appearance of maxi­w 
ma are c h a r a c t e r i s t i c  (Figure 3) near  va lues  of t h e  frequency t h a t  are 

mul t ip l e s  of t h e  gyrofrequency of t h e  ions  and e lec t rons(8) .  With a decrease 

i n  x t hese  maxima are s h i f t e d ,  decreased and disappear  a l toge the r .  Physical­

l y  t h e  "bursts" u , a t  f requencies  mul t ip l e  t o  t h e  gyrofrequencies  of t h e  w 
ions,  are as soc ia t ed  with s c a t t e r i n g  by ion-cyclotron waves having a reson­

ance charac te r .  

A s  f a r  as t h e  o the r  cases a r e  concerned w e  can mention t h e  following. 

I n  Case (1) when A << Reyi,  equivalent  t o  the  vanishingly s m a l l  magnetic 

f i e l d ,  u does no t  depend on the  angle  x, and when A '  < d t h e  spectrum uw w 
w i l l  be determined by the  thermal v e l o c i t i e s  of the  e l ec t rons .  In  Case (2) 

X i s  comparable with Re; t he re fo re ,  t he  spectrum has m a x i m a  a t  t h e  harmonics 
eof t he  gyrofrequency of t he  e l e c t r o n s  wH. When X > d ,  t hese  maxima a r e  

s l i g h t l y  s h i f t e d  and when X >> d narrow maxima appear i n  t h e  spectrum a t  t h e  
eharmonics wH' but  they are seve ra l  o rde r s  smaller than i n  the  case  of A << d; 

Case (5) is s imi l a r  t o  Case ( 3 ) ,  i . e . ,  t h e  spectrum is  narrowed with increase  

i n  x from 0 t o  a / 2 .  

Sca t t e r ing  of e l e c t - r g a g n e t i c  waves by f l u c t u a t i o n s  in-the e l ec t ron- __ -

dens i ty  of a nonisothermal plasma. I n  the  real  ionosphere,  o f t e n  T e > Ti_ _  
and t h i s  may be s u b s t a n t i a l l y  manifested i n  t h e  i n t e n s i t i e s  and the  s p e c t r a  of 
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s c a t t e r e d  r ad io  waves. On t h e  one hand, t he  method of incoherent  s c a t t e r i n g  

caused t h e  processing and i n t e r p r e t a t i o n  of t h e  measurement r e s u l t s  t o  be 

complicated, bu t  on t h e  o the r  hand new p o s s i b i l i t i e s  are opened f o r  ob ta in ing  

supplemental information on t h e  parameters of t h e  plasma and processes  tak ing  

p l ace  i n  it. 

The theory of incoherent  s c a t t e r i n g  when T # T.  has  been developed i n  e 1 
recent  years  by a number of au thors  [ S ,  11, 121. Bas ica l ly  we s h a l l  fo l low 

Fe je r  [4, 51. H e  made h i s  s tudy  both by allowing f o r  t h e  magnetic f i e l d  and 

without.  H e  took i n t o  account t h e  presence of several s o r t s  of ions.  In  

t h e  theory a number of o the r  assumptions w e r e  a l s o  made: (1) t h e  ioniz­

ed gas  i,s quas ineut ra l  and t h e  ion iza t ion  is  t o t a l ;  (2)  t h e  fo rces  which 

act  on t h e  e l e c t r o n s  are s m a l l ,  t h e  nonl inear  e f f e c t s  are no t  taken i n t o  

account,  and t h e  ex te rna l  f i e l d  acts  only on t h e  e l ec t rons ;  (3) of t h e  ex- 1144 

t e r n a l  f i e l d s  only t h e  cons tan t  magnetic f i e l d  can act  on t h e  gas;  (4) t h e  

e l e c t r o s t a t i c  f i e l d  i s  a Coulomb f i e l d  of e l e c t r o n s  and ions ;  (5) t h e  

v e l o c i t y  d i s t r i b u t i o n  of t h e  p a r t i c l e s  may dev ia t e  from t h e  Maxwellian only 

because of Coulomb fo rces ;  (6) t he  frequency of t he  inc iden t  wave exceeds 

t h e  plasma frequency and t h e  gyrofrequency s i g n i f i c a n t l y ,  as w e l l  as t h e  f r e ­

quencies of c o l l i s i o n s  of a l l  t h e  p a r t i c l e s  contained i n  t h e  ionized gas;  

(7) t h e  c o l l i s i o n s  between p a r t i c l e s  can be ignored; and (8) t h e  f luc tua­

t i o n s  i n  e l ec t ron  concent ra t ion  are quas i s t a t iona ry  relative t o  t h e  frequency 

of t he  inc ident  wave. 

All these  assumptions (and e s p e c i a l l y  those from t h e  f i f t h  t o  t h e  e ighth)  

i n  t h e  r e a l  ionosphere are usua l ly  s a t i s f i e d .  L e t  u s  confine ourse lves  only 

t o  c e r t a i n  comments. 

Although t h e  t o t a l  i on iza t ion  p a r t  of t h e  f i r s t  condi t ion i s  exact, and 

is  not  s a t i s f i e d  never the less , the  frequency of t h e  inc iden t  wave s i g n i f i c a n t l y  

exceeds t h e  frequency of c o l l i s i o n s  of t h e  e l ec t rons  wi th  o ther  p a r t i c l e s ,  

including n e u t r a l  p a r t i c l e s ,  SO t h a t  t he  presence of these  l a t te r  p lays  no 
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ro l e .  W e  should perhaps make corresponding eva lua t ions  f o r  t h e  lower re­

gions of t h e  ionosphere (D and E). W e  can not  e l imina te  t h e  p o s s i b i l i t y  

t h a t  t h e  c o l l i s i o n s  which inc rease  t h e  "viscosi ty"  of t h e  medium w i l l  l e ad  t o  

a s l i g h t  narrowing of t h e  spectrum uw '  and a l s o  t o  a smearing of t h e  d i f f e r ­

enct resonance "bursts"  i n  u ( including t h e  gyrofrequencies) .w 

Although t h e  condi t ion  of quas ineu t r a l i t y  f o r  t h e  e a r t h ' s  ionosphere 

apparent ly  is s a t i s f i e d ,  i n  t h e  l i terature,however,  t h e r e  are o the r  i nd ica t ions  

[13, 141 t h a t  a t  a l t i t u d e s  of 20 - 160 thousand km t h e  e l e c t r o n  energy may 

exceed t h e  ion  energy by approximately 100.- 1000 eV.  I f  we a t t r i b u t e  t h i s  t o  

a d i s rup t ion  i n  t h e  quas ineu t r a l i t y  of t h e  plasma, then t h i s  may l ead  t o  

such a s t rong  electric f i e l d  (with a s t r eng th  of Eo 2 (1- 4)*10'2 V/cm) t h a t  

w e  can no t  e l imina te  t h e  p o s s i b i l i t y  t h a t  i t  w i l l  in f luence  t h e  spec t r a  uw. 

I f  t h e  method is used f o r  measurements a t  these  a l t i t u d e s ,  then t h i s  must be 

taken i n t o  account. 

A s  f a r  as t h e  second condi t ion  i s  concerned, apparent ly  w e  must have 

corresponding eva lua t ions ,  f o r  example f o r  such a poss ib l e  s i t u a t i o n  when 

one and t h e  same volume of t h e  ionosphere is simultaneously probed by two 

powerful radars .  

The t h i r d  assumption is  reduced under ionospheric condi t ions  t o  neglect­

ing  t h e  fo rce  t h a t  acts on t h e  e l ec t rons  from t h e  s i d e  of t h e  Ear th ' s  e lectr ic  

f i e l d .  The eva lua t ions  showed t h a t  t h e  fo rce  of t h e  geomagnetic f i e l d  ex­

ceeds t h i s  e lec t r ic  f i e l d  by seve ra l  o rders  (% 4 ) .  

Although i n  t h e  e a r t h ' s  ionosphere i n  t h e  absence of Coulomb fo rces  t h e  

assumption as t o  a Maxwellian v e l o c i t y  d i s t r i b u t i o n  of t h e  p a r t i c l e s  i s  

s a t i s f i e d ,  f o r  t h e  theory under s tudy t h i s  i s  no t  necessary.  We may assume 

o the r  v e l o c i t y  d i s t r i b u t i o n s  f o r  t h e  p a r t i c l e s  which w i l l  l ead  t o  o the r  

formulas f o r  u . w 

239 


I.111111 II 111111 I 1  1111111111.1111 1 1 1 1 1  . I 1  



The heating of the electrons by the probing wave or by emission from 
another radar may apparently be one of the reasons for disruption in the 
Maxwellian distribution. The possibility of ignoring the "heating" can be 
easily figured based on the known (see, for example, [15]) condition for 
ignoring this: 

EieEp' 


where Eo is the strength of the irradiating field and 


is the strength of the "plasma" field; v0 is the effective number of electron 

collisions in the equilibrium plasma; 6 is the amount of energy transmitted 
by the electron during the collision. The results of evaluating the quanti­
ties Ei and E

P 
in the regions D, E, and F(') of the ionosphere for various /145-

strengths of emission are illustrated in Table 1, 


~~

IRegion of Iono- I 
sphere 

c 


D 


E 


F 


The parameters of these re ions are taken in the limits of the 
usual values (vo = 107, 7-105and 105 sec'l, zo = 60, 90, 300 km, T = 300, 
200, 20000 K for the D, E, F regions, respectively). 
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Although from Table 1, it fol lows t h a t  condi t ion (12) i s  s a t i s f i e d ,  

w e  can however no t  e l imina te  t h e  p o s s i b i l i t y  i n  a weak f i e l d  (Ei c E ) t h a t  
P 

nonl inear  e f f e c t s  may take  p l ace  which, on t h e  s t r eng th  of t h e i r  s p e c i f i c  

na tu re ,  may be d is t inguished  i n  measurements by t h e  method of incoherent  

s c a t t e r i n g  [16] and i n  p a r t i c u l a r  may expand t h e  p o s s i b i l i t i e s  of t h e  method. 

According t o  F e j e r  [5] wi th  t h e  above assumptions, t h e  Fourier  transform 

S.
J 

of t h e  f l u c t u a t i o n s  i n  concentrat ion of p a r t i c l e s  of t h e  jth s o r t  c o n s i s t s  

of two components 

where S
r j  

i s  t h e  component o f  S
j 

which is determined by t h e  known method of 

e l e c t r o n  f l u c t u a t i o n s  i n  t h e  absence o f  Coulomb i n t e r a c t i o n  between p a r t i ­

cles; S 
f j  

i s  t h e  component of S 
j 

t h a t  i s  determined by t h e  presence of Cou­

lomb f o r c e s  ( f luc tua t ions  i n  charge dens i ty  e z z j s j  d i r e c t l y  produce t h e  

f l u c t u a t i n g  e lectr ic  f i e l d  which i n  tu rn  produces f l u c t u a t i o n s  i n  dens i ty  

S f j ) .  Existence of a p ropor t iona l i t y  w a s  assumed between f l u c t u a t i o n s  S 
f j

and t h e  charge dens i ty  

Sfj=Ej Z zjsj, 
f 

where 2 i s  t h e  relative charge of t h e  p a r t i c l e  of jth s o r t  ( f o r  t h e  e l e c t r o n  
j

j = 1, Z1 = -1); E ; .  i s  t h e  c o e f f i c i e n t  of propor t iona l i ty .
J 

To compute S
fj 

by so lv ing  t h e  k i n e t i c  equation w e  determined the  devia­

t i o n  Af(v) of t h e  v e l o c i t y  d i s t r i b u t i o n  funct ion f ( v )  f o r  e l ec t rons  from t h e  

Maxwellian d i s t r i b u t i o n  produced by the  f luc tua t ing  e l e c t r i c  f i e l d  of t h e  

plasma E, which i s  assoc ia ted  with t h e  charge dens i ty  i n  t h e  usua l  manner 

By i n t e g r a t i n g  Af(v) over t h e  space of t h e  v e l o c i t i e s  w e  determined t h e  va lue  

of S f j ,  and consequently a l s o  a . w 

The f i n a l  expression f o r  ow may be w r i t t e n  i n  the  form 



0 

where 

w i s  t h e  dev ia t ion  of t h e  frequency i n  t h e  s c a t t e r i n g  spectrum from t h e  f r e ­

quency w
0 

of t h e  primary r ad ia t ion ;  (5 is  t h e  e f f e c t i v e  s c a t t e r i n g  c ros s  e 
sec t ion  of t h e  f r e e  e lec t ron;  

djTj, m j ,  Zm are t h e  Debye rad ius ,  the  k i n e t i c  temperature,  t he  mass and 

relative charge ( r e l a t i v e  t o  the  u n i t  charge; f o r  t h e  e l e c t r o n  j = 1, Z = 
- 1  

-1 and f o r  a s i n g l y  ionized p o s i t i v e  ion of any s o r t  zj= ~ ) ; C I =p$ 
i s  a constant ;  E0 is  t h e  d i e l e c t r i c  constant  of t h e  vacuum, t h e  index "1" 

per t a ins  t o  t h e  e l ec t ron ,  q = lkinc - krefl) = 4nT s i n  -,2 k is t h e  Boltz­

mann cons tan t ,  n i s  the  number of s o r t s  of charged p a r t i c l e s  i n  t h e  plasma. 

The va lues  i n  formula (14) are expressed i n  a system of mks u n i t s .  

Formula (14) i s  a l s o  t h e  so lu t ion  t o  t h e  problem formulated without 

taking the  magnetic f i e l d  i n t o  account. The va lue  of ou determines t h e  

s c a t t e r i n g  energy per  u n i t  of dens i ty  of energy of t h e  inc iden t  wave, per  

u n i t  of t h e  s o l i d  angle ,  per  u n i t  of t h e  s c a t t e r i n g  volume and p e r  u n i t  of 

s p e c t r a l  width of t h e  s t r a y  rad ia t ion .  The i n t e g r a l  s c a t t e r i n g  c ros s  sec t ion  

(5 and consequently the  s t r eng th  of t he  s t r a y  r a d i a t i o n  P as w e l l ,  i s  
S 

determined i n  the  usua l  manner from Uw, i . e . ,  using fOrmulas (2) and (3)  
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I f  w e  vary t h e  ion  composition and temperature of t h e  charged p a r t i c l e s  

and use (14),  w e  can ob ta in  a l l  t h e  d ive r se  spec t r a  uw f o r  t h e  multicompon­

e n t  p lasma ' in  t h e  presence and absence of a temperature balance.  

Analysis of formula (14) shows t h a t  t he  s c a t t e r i n g  spectrum uw c o n s i s t s  

of two P a r t s :  a wide high-,frequency e l ec t ron  p a r t  ( t he  f i r s t  term),  where 

w Q qve (ve is t h e  mean thermal v e l o c i t y  of t he  e l ec t rons )  and a narrow 

low-frequency ion  p a r t  [ t h e  o the r  t e r m s  i n  (14)](10), where w Q qvi (vi << 

v,). The i n t e n s i t y  ow of t h e  e l e c t r o n  p a r t  is  everywhere s i g n i f i c a n t l y  s m a l l ­

er than t h e  ion  pa r t .  

I n  t h e  e l ec t ron  p a r t  of t h e  spectrum uw t he re  exists a maximum (plasma 
' "peak") which corresponds t o  t h e  plasma frequency w

PlYe  
of t h e  e lec t rons .  

%It becomes s i g n i f i c a n t  when X' % d ,  narrows with increase  i n  A '  and when X' 
>>d p rec i se ly  corresponds t o  w

p1,e' 
In  t h e  presence of a magnetic f i e l d  i t  /147 

is  s h i f t e d  s l i g h t l y  and is  found a t  t h e  hybrid frequencies  [13] 

where R 
e 

i s  t h e  gyrofrequency of t he  e l ec t rons .  It is  assumed t h a t  w
P1 ,e  

>> 52,. 

For i l l u s t r a t i o n  the  fol lowing dependence i s  shown on Figure 4 

( lo )  W e  can assume t h a t  t h i s  narrow component of t h e  spectrum uw arises 
D

during s c a t t e r i n g  by coherent  f l u c t u a t i o n s  AN i n  t h e  form of damped 
a c o u s t i c a l  waves, which occur as p a r t  of t h e  thermal f l u c t u a t i o n s  i n  
the  plasma. 

243 



Figure 4 .  Dependence of Scattering 

Spectra on frequency parameter ow 
I/; 

e'=f 9 <&) when X>>d for various 
Te 2 1 when H = 0. -
Ti 


for different values of the ratio .T = 0 
t IT. as a parameter for the practi­e 1  
cally significant case 2,' >d .  ( h s d ) .  
The plasma here is two-component and

+contains only one sort of ions (0 ). 

Most characteristic in this case is 
the above-mentioned presence of a 
maximum when 

which is more clearly expressed the 


greater 0' Physically it corres­
ponds to scattering by ion-acoustical 
waves having a resonance character. 


Landau damping for these waves is 


small when Te significantly exceeds 


Ti. The spectral width in this case 


is found to be proportional to mT'laJf/Ti and the increase y of 
this maximum above the value CJ when w = 0 is a function of T which is 

w 0' 
=
sensitive to change in the ratio T ~ Te/Ti. This shows the theoretical 

possibility of determining T and T
i 
separately from the spectrum CJ if 

e w 
mi of the two-component plasma is known. The normalized spectra are not 
very sensitive to change in the sort of ions (change in m.) in a two-compon­


1 


ent plasma and the relationship between ions of known composition. 


Figure 5 shows from Reference [5]  the change in the spectra C J ~with 

variation in the relationship between components of a known sort of three-
+ 
component plasma (electron and ions of atomic oxygen O+ and hydrogen H ) 

-~ ~~ - - ~~ 

This value of w corresponds to the velocity of the longitudinal 
ion-acoustical waves. 
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when T = Ti = T and A >> d. Alonge 
t h e  absc issa  is p l o t t e d  t h e  va lue  

, and along t h e  ordi­

( the  index "0" r e f e r s  t o  O+ and the 

index ''H" t o  H+), f o r  t h e  parameter of 

t h e  curves w e  chose the  r a t i o  NH/No 

Figure 5. Spectrum u of a Three- of ion  concentrat ions.  On t h e  f i g u r e ,  

Component Plasma (H+w and O+ Ions) t h e  expansion of t h e  spec t r a  can be 
f o r  Various Rela t ionships  NH/No c l e a r l y  t raced  wi th  inc rease  i n  NH/ N  0'Between Them. 

In  t h e  case of a four-component 

plasma, containing t h r e e  s o r t s  of i ons  ( fo r  example, O', H
+ 

and H e
+
), t h e  

spec t r a  are q u i t e  d i v e r s e  and d i f f e r  s t rong ly  from the  cases of two- and 

three-component plasma 1171. Their computation i s  p r a c t i c a l l y  poss ib l e  only 

by using e l e c t r o n i c  computers. An example of such a family of spec t r a  i s  

shown on Figure 6 i n  t h e  form of a t r i a n g u l a r  diagram; each family of 

spec t r a  corresponds t o  one va lue  of t h e  r a t i o  .rO = T e /Ti (on t h e  f i g u r e  T~ = 

2) as a parameter. The second parameter i s  the  r e l a t i o n s h i p  between com­


ponents. This  parameter d i s t i ngu i shes  t h e  curves of one family: a t  t h e  


apex of t he  t r i a n g u l a r  diagram are t h e  degenerate spec t r a  containing 100% 


ions  of one s o r t  ( d i f f e r e n t  a t  each apex); along the  s i d e s  of t h e  t r i a n g l e  


t h e  spec t r a  conta in  two s o r t s  of ions  and i n s i d e  the  t r i a n g l e  are th ree  s o r t s  /149 

of ions ,  t h e  r e l a t i o n s h i p  between which .c lear ly  follows from the  geometry 


of the  diagram. Each curve of t he  s p e c t r a l  family i s  the  dependence of
-
bo 
-' on 0 e =  *f2ae 

Q 
with f i x e d  parameters (composition of t h e  mixture and 

It i s  obvious t h a t ,  wi th  approach of -to t o  un i ty ,  t he  d i f f e rence  i n  t h e  

spec t r a  of a given f ami ly ,o the r  th ings  being equal ,  i s  decreased, and wi th  

inc rease  i n  T 0 it  is increased.  
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0,
'F igure 6. Spectra  or of Mixtures 0+, H e

+ 
and H

+ 
When 

Te = 2Ti; i = 2,  3, 4 as a Function of e'=-

I n  the  work of Fe je r  [5] computation of u when T /Te i  # 1 is c a r r i e d  w 
out  as shown above a l s o  by allowing f o r  t h e  cons tan t  magnetic f i e l d .  Re­

s u l t s  are obtained analogous t o  t h a t  descr ibed above. It is  c h a r a c t e r i s t i c  

t h a t  i t  is  poss ib le  t o  f i n d  resonance "peaks" i n  a a t  f requencies  equal  t o  w 
(or near)  t h e  gyrofrequencies of i ons  and e l e c t r o n s  and t h e i r  harmonics. 

As f a r  as t h e  i n t e g r a l  s c a t t e r i n g  c ros s  sec t ion  u is ,concerned, and con­

sequent ly  t h e  s c a t t e r i n g  i n t e n s i t y  p as w e l l ,  as noted above, t h e  magnetic
S 

f i e l d  does not  in f luence  them a t  a l l  [51, as long as T0 , i s  no t  too high (12) . 

The r e s u l t s  from o the r  research  [ 9 ,  10, 12,  etc.], i n  s p i t e  of t h e  

d i f f e r e n t  approaches t o  so lv ing  t h e  problem, are similar t o  t h e  r e s u l t s  of 

[SI,  but  i n  p r a c t i c e  are less f e a s i b l e .  
~ ~~ .- - ~. ~. ~~ _ - ~ - ._. - . 

(12) When 7.0 ~ 

> 10 t h e  magnetic f i e l d  a l r eady  a f f e c t s  u s i g n i f i c a n t l y  
..

[ll, 181. 
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It should b e  mentioned t h a t  i t  is c h a r a c t e r i s t i c  of t h e  contemporary 

state of t h e  method t h a t  w e  have as i ts  b a s i s  a theory which confirms t h e  

experiment, as w e  s h a l l  show below. The theory of incoherent  s c a t t e r i n g  may 

b a s i c a l l y  be  assumed t o  be complete although the re  a r e  unresolved ques t ions  

e s p e c i a l l y  i n  t h e  method of processing and t h e  physical  i n t e r p r e t a t i o n  of t h e  

observat ion r e s u l t s .  It is  n a t u r a l  t h a t  t h e  comparatively f a s t  ( w i t h i n  a 

few years  fol lowing pub l i ca t ion  of [l, 71) development of a s a t i s f a c t o r y  theory 

is t o  a c e r t a i n  ex ten t  t h e  r e s u l t  of t h e  high level of contemporary knowledge 

of plasma physics  and k i n e t i c  theory i n  genera l ;  he re  Soviet  sc ien t i s t s  [2, 

15, 18, etc.] have made a considerable  cont r ibu t ion .  

TECHNICAL MEANS, METHOD OF MEASUREKENTS AND PROCESSING 

In  order  t o  g ive  some idea  as t o  t h e  t echn ica l  means used i n  ionospheric  

research  involving t h e  method of incoherent s c a t t e r i n g ,  Table 2 g ives  da t a  

apparent ly  about a l l  t he  information t h a t  has  been published a t  t h e  present  

t i m e  ( see  13, 7, 8, 1 9  - 251). 

A s  mentioned, f o r  processing t h e  da t a  on sca t t e red  r a d i a t i o n ,  a s torage  

element is  necessary.  In  earlier research [ 7 ,  81 these  w e r e  analog in tegra­

t o r s .  L a t e r  they w e r e  replaced by d i g i t a l  i n t e g r a t o r s .  In  modern research  

it  i s  usua l ly  necessary t o  process  t h e  r e g i s t r a t i o n s  of P and (5 on an 
S w 

e lec t ron ic  computer f o r  t h e  purpose of obtaining temperatures and ion  com­

pos i t i on  of t he  ionosphere. Therefore,  i t  is  n a t u r a l  t h a t  w e  tend t o  use 

them f o r  s to rage  a s  w e l l .  

The e l ec t ron  concent ra t ion  N is determined e i t h e r  by measuring t h e  

s c a t t e r i n g  i n t e n s i t y  p 
S 

o r  by measuring the  angle  of r o t a t i o n  @@oft h e  po la r i ­

za t ion  plane of t h e  sca t t e red  r a d i a t i o n  d u e  t o  the  Faraday e f f e c t  (13) . 
(I3) It is  a l s o  poss ib l e  t o  measure N from t h e  "bursts"  on 0 a t  f r e ­

wquencies w, equal  t o  w
P l , e  

if w e  have a set of narrow-band r e c e i v e r s  tuned 

t o  t h e  f requencies  of w
0 

+ w
PlYe 

f o r  t h e  var ious  expected va lues  of w
p1,e' 
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TABLE 2. PARAMETEKS OF RADARS FOR IONOSPHERIC MEASUREMENTS 
USING THE METHOD OF INCOHERENT RADIO WAVE SCATTERING 

No. Location (Country) 

# .. -.. 

1 I l l i n o i s  (USA) 

2 


3 


4 


5 


6 


7 


8 


9 


LO 

L 1  

L2 

L3 

L4 

L5 
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40° N, 90° W 

M i l l stone-Hill  

(USA) 43O N, 71° W 
Same 

Same 

Trinidad 

1l0N, 62' W 
C aj amarca 

(Peru) 12' S, 78O W 
A r  ecibo (Puer to-Rico) 

19' N, 67' W 

Same 

Nancy (France) 

45O N, 2' W 
Prince Alber t  

(Canada) 52' N, 

106' W 
Palo Alto (Cal i for­

n i a ,  USA) 

Malvern H i l l  

(England) 51' N, 2' Wl 
Thetford (England) 

Scotland 

Stanford (USA) 

.. -. . . 

rrequency , POW( 
MHZ Mc 

,,- -_ ....- ..- - ,.­

4i I 1-6 


440 1.2-2 

440 3 


E95 5 


425 2 


50 1+8 

430 23 


40 ­

935 0.075 

435 2 


0.5 
,ave.

400 


4 0  10 


300 0.1 

400 0.2 

50. 	861. ­

1200 


_-.--..-.-....I 


.~. .. . r. . . 

Antenna Dimensioi 
m 

-"..-.. ~..-.: -~ = * -­

116x140 

0 2 5  

0 7 0  

0% 

290x29) 

0300 

100x20 - transm. 
200x35, 200x40 
receiv. ~ 

0 3 5  

0 3 0  

0 4 2  

Two 25 


0'13 

-
. . I  ."....-_.-_-XII-

Duration c 
Impulse, 1.15 

. 

3-150 


2-10 000 

-
continuous 



---- 

-- 

-- 

TABLE 2. PARAMETERS OF W A R S  FOR IONOSPHWIC MEASUREMENTS 
USING Tm METHOD OF INCOHERENT RADIOWAVE SCATTERING (Contfd) 

- -__-. 

No. Locat ion (Country) 

-...-. . . . 

1 '  I l l i n o i s  (USA) 

40' N, 90' W 

2 Mills tone-Hil l  

(USA) 43' N, 71° W 

3 Same 

4 Same 

5 Trinidad 

11' N, 62' W 
6 Cajamarca 

.. 

Noise 
Facto1 
G1. 

.. ,-- -... 

2 


-2 


.­

-

-3 

(Peru) 12O S, 78O W '  -1.5 , 

Arecibo (Puerto-Rico) 

' 19O N, 67O W 

8 Same 

9 	 Nancy (France) 

45' N, 2 O  W 
LO 	 Pr ince  Albe r t  

(Canada) 52' N, 

106' W 

L1 Palo Al to  (Cal i for­

n i a ,  USA) 

L2 Malvern . 
51" N,

(England) . 2 "  WJ 
.3 Thetford (England) 

-4 Scot land 

.S Stanfor,d (USA) 

-1.5 


-

-


-

-

-
-2 

-
-

A-_ 
Pola r i za t ion  

. . i r .  .~.,._-... . ., 

Linear  

C i rcu la r  

Linear  
Orthogonal 

C i rcu la r  
-

Circu la r  

Linear 

L 

i
Message Fre- Time of Mea­
quencyx ment, years  

sec 

25-1w 1958-1951 


50 1960-1961 

-

-

25.32 1960-1952 


var  C 1962 . 

var -_ 
-

C 1955 


-

A 


-
1962 


1W 

lea. 

249 

7 



TABLE 2. PARAMETERS OF RADARS FOR IONOSPHERIC MEASUREMENTS 
USING THE METHOD OF INCOHERENT RADIOWAVE SCATTERING (Cont 'd) 

No. Locat ion (Country) 

1 	 I l l i n o i s  (USA) 

40' N, 90' W 

2 Mills tone-Hil l  

(USA) 43O N, 71° W 
3 Same 

4 Same 

5 Trinidad 

11' N, 62' W 

6 Cajamarca 

(Peru) 12' S, 78' W 

7 Arecibo (Puerto Rico 

19' N, 67O W 

8 Same 

9 	 Nancy (France) 

45' N, 2' W 
.O 	 Pr ince  Albert  

(Canada) 52' N, 

106' W 

.1 Palo Alto (Cal i for­

n i a ,  USA) 

.2 Malvern 
51" N,

(England) 20 w ~ '  
3 Thetford (England) 

4 Scotland 

5 Stanford (USA) 
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The original expression, relating Ps and N which is the basis of 
formula (14),may [taking (14), (2) and ( 4 ' )  into account] be represented for 
a two-component plasma (electrons and one sort of ions) in the following 

form [3 - 5 ,  20, 23, 311: 

where '*e='* is the scattering intensity in the case of free electrons (D + 

m); Ps is the actually measured scattering intensity from the volume V; N(R) is 
the mean electron concentration in the volume V; R is the mean distance to 
the scattering volume; 5 is a factor determined by the radar: 

d is the Debye radius of the electron. 


Analogous to (15), but more awkward, relationships may be written also 


for a plasma having more than two components. The first two terms in (15) 

correspond to the electron high-frequency component (EC) and the third term 
corresponds to the ion low-frequency component (IC) in Ps/Pse( I 4 ) .  The re­

lationship between them depends on D (on the relationship between X and d); 

particular (maximal and intermediate) values of Ps/P are shown on Table 
se 

3.  

( I 4 )  This division does not at all mean that scattering by ions makes 
a significant contribution to the scattering intensity pso The term "ion com­
p0nent";ofPs means only the degree to which the ions affect the movement of 
the electrons and consequently only the spectra uw (so, when X >> d, the 
fluctuations AN which take place on an interval equal to A are determined 
by the thermal velocities vi of the ions and the spectrum w %vi; when X << 
d the influence of the field o f  ions on the movement of the electrons in 
the interval h can be ignored and . w  % ve). 
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TABLE 3 

- --. .- -_-_ 
Relat ionship Between EC - F\irst Two Terms 1- I C  - Third Term 

h and d 

Since under experimental  condi t ions  t h e  condi t ion  h >> d i s  o f t e n  sat­

i s f i e d , - t h e  e f f e c t i v e  formula i n  this  case w i l l  obviously have the  form 

The dependence of Ps on ion  m a s s  is weak and can usua l ly  be ignored [17]. 
A number of  au thors  [ 7 ,  23, 28, 3 1 ,  36, 3 8 ,  4 3 ,  441 have used formula (17) 
i n  t h e i r  i n t e r p r e t a t i o n s .  

However w e  must bear  i n  mind t h a t  a t  s u f f i c i e n t l y  high a l t i t u d e s  ( z  > 

1000 km), i n  t h e  range of 300 - 3000 MHz, dondit ion (6) may cease t o  be sat­

i s f i e d  and i n  t h e  processing the  genera l  formula (15) must now be used. The 

processing i n  t h i s  case is complicated3since one o the r  unknown parameter d 

appears.  Natura l ly  w e  can g ive  it  i n  some manner and then r e f i n e  t h e  re­

s u l t s  using t h e  method of i t e r a t i o n s .  

The dependence of Ps/Pse on D and Te/Ti i n  t h e  genera l  case (15) i s  

shown g raph ica l ly  on Figure 7. 

From (17) i t  fol lows t h a t  f o r  determining N i t  i s  necessary t o  have /152 
a v a i l a b l e  da t a  on -ro = Te/Ti and v i c e  versa, i n  t h e  presence of 
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Figure 7. Dependence of t h e  Sca t t e r ing  
I n t e n s i t y ,  Re la t ive  t o  i t s  Value f o r  
Free Elec t rons ,  on t h e  Relat ionship 
Between 

rrnd
X and d ( v B = ~ )f o r  Various Values 

of T~ = T , / T ~ .  

simultaneous measurements of t h e  N 

p r o f i l e  by o the r  independent meth­

ods(15)w e  can determine T 0' The 

d i s t ance  R,  as a l ready  noted,  can 

be  e a s i l y  determined from t h e  l a g  At 

of t h e  r e f l e c t e d  s i g n a l  wi th  res­

pec t  t o  t h e  emitted s i g n a l ,  and 

t h e  c o e f f i c i e n t  <. can be computed 

from t h e  known c h a r a c t e r i s t i c s  of 

t h e  radar  o r  determined experiment­

a l l y  from v e r t i c a l  probing o r  

by using satel l i tes  [32]. 

The bas i c  d i f f i c u l t y  i n  de te r ­

mining N using (17) involves  l a c k  

of knowledge of T ~ .  In  a number of 

cases  w e  can simply set T0 = 1. For example, t h i s  may be done a t  n igh t  a t  

a l l  a l t i t u d e s ( 1 6 ) ,  by day f o r  a l t i t u d e s  of z 400 - 500 km and always a t  

s u f f i c i e n t l y  high a l t i t u d e s ( 1 7 ) .  However, i n  t he  morning up t o  a l t i t u d e s  

of % 400 km, T~ d i f f e r s  s i g n i f i c a n t l y  from u n i t y  [25] and the  maximal e r r o r  

i n  determining N because of t h i s  ( i f  w e  set T0 = 1 )  can a t  t h i s  t i m e  reach 

% 100%a t  a l t i t u d e s  of 200 - 400 km. Since t h e  da ta  on t h e  dependence of T 

on t i m e  and a l t i t u d e  are s t i l l  scarce, w e  must then e i t h e r  accept  t he  e r r o r s  

which a r i s e  o r  measure T0' 
__ _- - _ _  - - _ _  ­

(15) For example, from t h e  Faraday e f f e c t  f o r  s ca t t e r ed  s i g n a l s  o r  
from t h e  "burst" i n  uu a t  t he  plasma frequency Of e l ec t rons ,  using t h e  method 
of coherent f requencies  o r  by using t h e  Faraday e f f e c t  f o r  s i g n a l s  from 
rockets  and sa te l l i t es  [ 3 3 ] ,  v e r t i c a l  probing of t h e  ionosphere from above, 
below, e t c .  

(16) Apparently i t  is  more co r rec t  t o  say T 0 2 1.1 - 1 . 2  [ 2 0 ,  24, 
25, 281, but  t h i s  does not  notably a f f e c t  t h e  busmess  a t  hand. 

(17) The upper l i m i t  of t h i s  a l t i t u d e  has  no t  been ye t  es tab l i shed .  
Apparently i t  is  1 5 0 0  km and depends on the  t i m e  of day, season, s o l a r  
a c t i v i t y  and geographic coordinates .  
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The electron concentration at sufficient wavelength is determined also 
in the experiments on incoherent scattering from measurements of the Faraday 
rotation cp of the polarization plane of the scattered radiation, by using the 

cp 
known formula 

Since the shift in the volume V occurs along R, which coincides with the 

intergration path, then by differentiating this latter expression with respect 
to R, we find 

where bL is determined (see, for example, [33] )  from the data on the geomag­
netic field along R. 

Measurement.of the angle 0 at sufficient wavelengths may be done in cp 
the usual manner, for example, from the number of fadings of the scattered signal 
during reception on one or two plane-polarized antenna arrays. 

It is interesting to look at the method of measuring CP cp 
(R) and con­

sequently N(R) as well in [ 3 4 ] .  Two pulses are emitted simultaneously 
with circular polarization in opposite direction of rotation. A s  a 

result of porcessing the individually received signals of both polarizations, 
we can obtain values of P

S 
sin CPCP and P S 

cos CPCP and consequently R S 
and CPcp 

individually as well. 

When necessary, from the measurements of 00 we can introduce corrections 

for influence of the Faraday effect on the measurements using the method of 

254 




incoherent s ca t t e r ing .  The inf luence  

of CPQ on P i n  using antennas with s 

aaomFigure 8. Excess r = of ~the Maxi­

mum u of t h e  Spectrum u Over i t s  wm m 
Value uo (um when w = 0) a s  a func­

t i o n  of ‘4 = T /Ti when h >> d f o r  
0,Ions O+, H ande H e+. 

l i n e a r  po la r i za t ion  l eads ,  when s u f f i ­

c i e n t  wavelengths are used, t o  a de­

crease i n  P
S 

by two times and t o  t h e  

appearance o f  o s c i l l a t i o n s  i n  t h e  de­

pendence of P
S 

on R with s u f f i c i e n t  

shortening of A .  

Determination of T0 can be done 

as mentioned above from t h e  spec t r a  

such as t h a t  i n  Figure 4 .  Figure 

8 [6]  shows f o r  i l l u s t r a t i o n  t h e  de­
=am +

pendence of r = -
0 0  

on T0 f o r  0 ,
+ +H e  and H ions  when k > d  f o r  a 

monoionic plasma (a i s  t h e  maximal wm 
value of uw when w = wm). W e  can see 

t h e  sharp dependence of y on T0 and 

t h e  weak s e n s i t i v i t y  (<lo%).Y of 

a monoionic plasma t o  the  s o r t  of 

ions.  

The width w of t h e  spectrum Am [ s i c ]  of t he  sca t t e red  s igna l  when p 4 - x  

is  determined b a s i c a l l y  by the  ion  mass mi’ t he  temperature and magnitude of 
T ~ .  Thus with a known (given) m i’ by measuring T0 and Aw we can determine 

the  temperatures T and Ti. e 

Thus we a r r i v e  a t  t h e  conclusion: 

(1) i f  w e  know t h e  s o r t  of ions  then from t h e  measured. r e l a t i o n s h i p  

between X , t h e  i n t e n s i t y  P and t h e  width Aw of t h e  s c a t t e r i n g  spectrum u 
S w 

we can determine N ,  Te,  Ti; 
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(2) without measuring t h e  s p e c t r a l  width i t  is t h e o r e t i c a l l y  impossible 

t o  measure t h e  abso lu te  va lues  of t h e  temperatures T e and Ti(I8) only  by t h e  

method of incoherent  s c a t t e r i n g ,  bu t  we can measure only  t h e  r a t i o  T 0' 

The case of a monoionic upper ionosphere i n  p r a c t i c e  i s  v a l i d  usua l ly  I154 

a t  a l t i t u d e s  of z % 300 - 400 km (O+) and z 1000 km (H+). 

The problem of analyzing t h e  spec t r a  u i n  t h e  presence of s eve ra l  s o r t s  w 
of ions  ( t h e  s o r t s  of ions  are known, but  t h e  r e l a t i o n s h i p  between them i s  

unknown; f o r  example, f o r  z % 600 - 700 km w e  have ions  of 0+ and H
+
) i s  sub­

s t a n t i a l l y  Bore complicated [17]. This  i s  involved with the  above-mentioned 

(Figures  5, 6) complication and d i v e r s i t y  of t h e  s p e c t r a l  shapes. However 

s p e c i a l  processing on e l ec t ron ic  computers permits ,  even wi th  th ree  s o r t s  of 
+ +

ions  ( f o r  example, O+, H and H e  a t  an  a l t i t u d e  of z % 600 - 800 km) when 

A >> d s e l e c t i n g  a spectrum which most nea r ly  approximates t h e  experimental  

one, and determining thus  T ~ ,Ti, T e and t h e  ion composition of t h e  ionosphere 

(see,  f o r  example, [17, 20, 311). 

I n  p a r t i c u l a r  f o r  two known s o r t s  of i ons ,  t h e  r e s u l t a n t  new unknown 

r e l a t i o n s h i p  between t h e  ions  may be compensated i n  t h e  presence of a 

s u f f i c i e n t l y  d e t a i l e d  s p e c t r a l  shape by t h e  va lue  of t h e  s lope  of t he  spectrum 

i n  i t s  middle p a r t  relative t o  the  s e n s i t i v i t y  t o  change i n  the  r e l a t ionsh ip  

between ions.  W e  can a l s o  use t h e  s lope  of t h e  spectrum a t  i t s  "nose  I' [17] 
which is  only s l i g h t l y  s e n s i t i v e  t o  t h e  inf luence  of s i g n a l  nonmonochromati­

c i t y .  

Further  problems i n  analyzing t h e  spec t r a  may be introduced by t h e  

(I8) I n  t h e  event t h a t  Ps can be measured simultaneously a t  two f r e ­
quencies when L e d  and a , x d  , we can t h e o r e t i c a l l y  measure d as w e l l  
and consequently measure T e and Ti separa te ly .  Without knowing 5 i n  (17), 

from P 
S 

we can determine T 0 up t o  s < * ~ p 2  and N from t h e  ionograms containing 
the  E region. 
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‘Figure 9. Inf luence of t h e  Spec t ra l  Width of t h e  Signal  AOo,!(A@d@,) 
on t h e  Oi s to r t ion  of t h e  Spec t r a l  Shape u (The Sol id  Line f o r  w 
A O O =  0 and t h e  Broken Line f o r  	

A618 + 0). 
a m  

s i g n a l  nonmonochromaticity of t h e  r ada r ,  thus leading t o  a d i s t o r t i o n  i n  t h e  

spec t r a  u a n d ’ t o  f u r t h e r  e r r o r s  i n  determiping t h e  ion  composition and temp­w 
e ra tu res .  Figure 9 shows t h e  inf luence  of t h e  f i n i t e n e s s  of t h e  s p e c t r a l  

width of t h e  s i g n a l  Awo on t h e  spectrum u . With a s m a l l  va lue  of Aoo/w,
w 

(0, is  t h e  value of w a t  which uw f o r  6% = o  reaches t h e  maxi” am) a 

deformation takes  p lace  i n  t h e  spectrum ow (%reduct ionand displacement of t h e  

maxima). For s u f f i c i e n t l y  l a r g e  Aoo/o,  t h e  maxima u may disappear  a l t o ­w 
gether .  The width Aw of t h i s  spectrum uw with  increase  i n  A% is decreased 

less than i s  measured a t  t h e  lower level uw. 

The e f f e c t  of t h e  probing s i g n a l  on s p e c t r a l  measurements, i f  we 

know its width ha, may apparent ly  be taken i n t o  account i f  t h i s  in f luence  

is n o t  too high 1441. To decrease i t  we can, make t h e  probing pulses  lGnger, bu t  

t h i s  w i l l  l e ad  t o  a d e t e r i o r a t i o n  i n  t h e  r e so lu t ion  of R i n  t h e  measurements /I55 
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s i n c e  t h e  l eng th  AR of t h e  volume V is  increased ( see  Figure 1 a ) .  The use 

of b i s t a t i c  equipment ( see  Figure 1b)  i s  intended t o  remove these  disadvan­

tages  i n  pulse  radars .  

These d iscuss ions  per ta ined  t o  t h e  case when X >> d. However, f o r  

s u f f i c i e n t l y  high a l t i t u d e s  i n  t h e  range of 300 - 3000 MHz, t h i s  condi t ion  

may be s a t i s f i e d  poorly o r  no t  a t  a l l  and then t h e  processing is complicated 

s i n c e  we must use t h e  more complex formula (15) t o  determine N. Here w e  can 

use t h e  method of t r i a l  and e r r o r  assuming f i r s t  t h a t  X/d + w ( fo r  l a r g e  

va lues  of X/d) o r  by taking ( f o r  any of t h e  no t  very  l a r g e  va lues  of A/d) 

t he  expected va lue  of d (from t h a t  expected under t h e  experimental  condi t ions  

of N and Te) and then successively r e f i n e  d and N. Considerably g r e a t e r  

problems arise i n  t h i s  case i n  analyzing t h e  spec t r a  f o r  ob ta in ing  t h e  ion  

composition and temperatures [17]. For t h e  ionosphere with ions  of one s o r t  

these  problems are s t i l l  surmountable, but  f o r  t h e  ionosphere containing ions  

of several s o r t s  these  problems, when d X o r  d > X i n  using t h e  e x i s t i n g  

methods, may poss ib ly  be insurmountable. This  s i g n i f i c a n t  f a c t  must be taken 

i n t o  account i n  s e l e c t i n g  an e f f e c t i v e  radar  frequency f o r  purposes of inco­

herent  s c a t t e r i n g  ( 1 9 )  . 
Thus, t h e  f a c t s  which may be v a l i d  i n  t h e  real ionosphere (i.e. t h e  

presence of ions  of s eve ra l  s o r t s ,  t h e  temperature imbalance of i ons  and 

e l ec t rons ,  c o l l i s i o n s ,  v a r i a b i l i t y  and inhomogeneity of t h e  atmosphere) 

t h e o r e t i c a l l y  and p r a c t i c a l l y  complicate a n a l y s i s  of t h e  measurements u t i ­

l i z i n g  t h e  method of incoherent  s ca t t e r ing .  

The processing and refinement of s p e c i a l  computer methods f o r  analyzing 

t h e  spec t r a  uu and Pp, a s  w e l l  as f o r  ob ta in ing  t h e  au tocor re l a t ion  func t ion  

Addit ional  complications arise when t h e  method of incoherent  
s c a t t e r i n g  i s  used t o  s tudy the  f i n e  s t r u c t u r e  o f - thle lower ionosphere,  
g rad ien t s ,  v a r i a b l e s  and random inhomogeneities [38, 431 
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of the  sca t t e red  s i g n a l  and the  s p e c t r a  

boo - _lt, themselves as t h e  Fourier-transforms 

of t h i s  l a t te r ,  have become apparent ly  

300 - -//--<52.q u i t e  necessary f o r  t h e  e f f e c t i v e  

?no - probe 
/

------/' 

'O0 i , 

1. By Day; 2. By Night and V e r t i ­
cal  	Probing (Broken Line) a t  Middle 

La t i tudes  of t h e  Soviet  Union. 

u t i l i z a t i o n  of t h e  g r e a t  p o t e n t i a l i t i e s  

of t h i s  method e s p e c i a l l y  i n  determin­

i n g  ion  composition. 

which w e  obtained [36, 441 using t h e  

s implest  method of processing are 

shown on Figures  10 and 12. The pro­

cessing w a s  c a r r i e d  out  using expres­

s ion  (17).  W e  assume T 0 = Te/Ti = const  # 1. The P
S 

p r o f i l e s  f o r  t r a n s i t i o n  

t o  N w e r e  c a l i b r a t e d  from vertical  probing. The nocturnal  p r o f i l e s  obtained 

by t h e  method of incoherent  s c a t t e r i n g  and by probing agree wi th in  the  
l i m i t s  of a l lowable e r r o r ,  thus  apparent ly  ind ica t ing  t h a t  T e - Ti and per­

mi t t i ng  determinat ion of t h e  parameter 5 .  The day l igh t  p r o f i l e s  diverge 

s i g n i f i c a n t l y  and show t h a t  with decrease i n  a l t i t u d e  z from the  va lue  z F2 m 
QJ ,,, 300 km t o  z 200 km t h e  r a t i o  -c0 i s  sharp ly  (by  seve ra l  t imes) lowered 

i n  comparison with i t s  maximal va lue  near  t h e  F2 maximum. Therefore i n  t h i s  

region of a l t i t u d e s  T > Ti. I f  we assume 5 t o  be the  s a m e  during t h e  day as e 
/Ta t  night,we can determine t h e  abso lu te  value of Te i  

from v e r t i c a l  

probing a t  t h e  F2 maximum and below; w e  found t h a t  a t  sun r i se  T0 = 4 1 a t  

an a l t i t u d e  of z z F2. m 


The s to rage  element which w e  used i n  t h e  beginning is descr ibed i n  [36]. * 
Its b a s i s  is t h e  scheme used i n  r ada r  probes of Venus '[37], but  wi th  a sub­

s t a n t i a l l y  d i f f e r e n t  comparison scheme. 
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Figure 11. P r o f i l e s  of t h e  Mea­
surements of P (R) (Including 
the  I n t e r n a l  N8ises) i n  R e l a ­
t ive Units  (1) and of I n t e r n a l  
Noises During Operation of t h e  
Dummy Antenna (2)  on November 1, 

1966. 

600 


#a- ' 

-200 

I 

'Figure 1 2 .  P r o f i l e s  Obtained on Novem­
ber  1, 1966. 

a. 	 N P r o f i l e s ;  1. Probe; 2 and 3. In­
coherent  Sca t t e r ing  Without Correct ion 
f o r  t h e  Variable  T~ and With Correct ion,  
Respect ively;  b. T and Ti P r o f i l e s ;  1. 
T ,  Obtained from uw i n  Comparison with 
t h e  N P r o f i l e  (Curve 1 on Figure a ) ;  

2. 	 T P r o f i l e s .i 

Further  s torage ,  j u s t  as processing, w a s  c a r r i e d  o u t  using an  e l e c t r o n i c  

computer. Correct ion f o r  change i n  temperature wi th  a l t i t u d e  w a s  introduced 

from t h e  measurement of t he  spec t r a  (3 of t h e  au tocor re l a t ion  func t ion  of t h e  /156
w 

sca t t e red  s igna l s ,  and below t h e  F2 maximum, from vertical probing. Examples 

obtained using such a s torage  element of t h e  P 
S'  

N, T 0 and T .
1 

p r o f i l e s  are 

i l l u s t r a t e d  on Figures  11 and 12 .  Figure 11 shows the  func t ion  Ps(R) includ­

ing  a l s o  the  power of t h e  i n t e r n a l  no i se s  of t h e  receiver which can be e l i ­

minated by measuring i t . d u r i n g  opera t ion  of t h e  equipment on a dummy antenna. 

From N, T and Ti p r o f i l e s  (Figure 12)  i t  is clear t h a t  t h e  temperature im­
0 <

balance T0 of t h e  plasma during t h i s  time extends t o  an  a l t i t u d e  of ,,, 600 km, 

i s  nonmonotonic wi th  r e spec t  t o  a l t i t u d e  and m a x i m a l  below z F2 ( h e r e T i z  8750K m 
and Te 5 2200' K).  

2 .  There exist a number of new and s i g n i f i c a n t  d a t a  on t h e  ou te r  

260 



(and lower) ionosphere. The most' val­

uable  r e s u l t s  w e r e  obtained i n  Cajamar­

ca ,Milis tone-Hil l ,  h rec ibo ,  Xa l ­

vern and i n  Nancy, respect ive­

lyliunder t h e  d i r e c t i o n  of Bowles and 

Far ley  131, 341, Evans [25, 39, 401, 

Gordon [20, 411, Watkins 1301 and t h e  

group of Carry,  P e t i t  and Waldteyfi l  

[28] (see Table 2) .  

(1) In t h e  vertical N p r o f i l e s  up 

t o  t e n  thousand ki lometers  (Figure 13 

J ['20]) on Figure 18 w e  can see a sharp@$ ' ' """'IO' ' ' ' " 1 " '  IO5 ' ' ' I "roc ' _  
N, m-3 slow-down i n  t h e  drop i n  t h e  s i z e  of 

Figure 13. Vertical N P r o f i l e s  i n  N with a l t i t u d e  when z > 1000 - 1500 km 

Cajamarca i n  comparison with the  region d i r e c t l y  

1. 	 February 1, 1965, a t  15h24m; over t he  F2 maximum. This r ep resen t s  

a n  inc rease  i n  t h e  normalized a l t i t u d e2. 	 February 2,  1965, a t  lsh44"; 
h m  (Local H of t h e  ou te r  ionosphere from a va lue3. 	 February 3, a t  1 5  38 

Time). on t h e  order  of hundreds of k i lometers  

( f o r  z ? 300 - 500 km) up t o  a value 

of several thousand ki lometers  ( f o r  

z 1200 - 2000 km), t h i s  being assoc ia ted  wi th  t h e  change f i r s t  of a l l  i n  

the  ion  composition (from 0+ f o r  z 2 300 - 400 km up t o  H+ f o r  z 2 1200 ­
2000 km). 

I n  p a r t i c u l a r  a t  an a l t i t u d e  of z % 3000 km t h e  value. N 104 e l ' ~ m - ~ ;  

f o r  z 2 5000 - 10,000 km t h e  va lue  of N i s  on t h e  o rde r  of several u n i t s  t i m e s  

103 e l ~ c m - ~ ,which agrees  with t h e  da t a  from t h e  satel l i te  and o ther  mea­

surements [33, 131. 

Regular measurements of t h e  N p r o f i l e s  permit p l o t t i n g  a l t i tude- t ime 
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Figure 14. Alti tude-Diurnal Depend­
ence of t h e  Plasma Frequency fplNZ 
a t  Mi l l s tone  i n  January,  1964, as a 
Function of Local T ime ;  f = const

P l  
(Sol id  Lines) ,  A l t i t ude  of t h e  F2 
Maximum (zmF2) (Broken Line).  

(d iurna l  and seasonal)  d i s t r i b u t i o n s  of 

N (see, f o r  example, [20, 341) near  

t h e  equator and a t  middle northern la t i ­

tudes of t h e  western hemisphere (Fig­

u r e  14) [38, 431. 

C h a r a c t e r i s t i c  and n a t u r a l  are 

t h e  daytime e l eva t ions  and t h e  predawn 

troughs of t h e  level f 
P l  

= const  

throughout t h e  e n t i r e  ionosphere 

accompanied by a decrease i n  t h e  a l t i ­

tude of t he  F2 maximum and an increase  

toward t h e  n ight t ime hours. Seasonal 

v a r i a t i o n s  are observed i n  t h e  behavior 

of t h e  curves  ( see ,  f o r  example, [20, 

31, 38, 431). 

A t  a l t i t u d e s  of 5000 - 10,000 

km i n  ind iv idua l  measurements (Fig­

u re  13) i r r e g u l a r i t i e s  are observed 

i n  t h e  v a r i a t i o n  of N with a l t i t u d e  of a 

quasiundulating shape, t h e  a l t i t u d e  th ickness  of which is  thousands of k i lo- 1158 

meters. Their na tu re  i s  s t i l l  no t  clear [20]. 

Wave i r r e g u l a r i t i e s  are observed throughout t he  e n t i r e  ionosphere (20) . 
Attempts have been made t o  i n t e r p r e t  them as g r a v i t y  waves which set i n  due 

t o  d i f f e rence  i n  t h e  temperatures of t h e  cold lower ionosphere and the  heated 

lower p a r t  of t h e  magnetosphere [201. 

(20) Apparently these  are t h e  phenomena which w e r e  observed previously 
i n  the  measurements employing t h e  method of coherent f requencies  on board 
satel l i tes  [33]. 
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iY i
Figure 15. Vertical N P r o f i l e ,  Obtained 

from Reg i s t r a t ion  of Resonance "Bursts" 
i n  t h e  Spectra  uw a t  Plasma Frequencies 
of Elec t rons  (a) and Reg i s t r a t ion  of t h e  
Burs t s  Themselves as a Function of t he  
Frequency Control of Narrow-Band Re­

c e i v e r s  (b).  

2 5 7 IO 20 50*/N,70 14 

Figure 16. N P r o f i l e s ,  Obtained 
Simultaneously by Di f f e ren t  

Methods : 
1. Incoherent Sca t t e r ing ;  2.  Co­
herent  Frequencies of Signals  
From Rockets (Jackson);  3. Probe 

Measurements. 

The f i r s t  successfu l  a t tempts  w i l l  obviously be i n t e r e s t i n g  i n  r e g i s t e r ­

ing,  according t o  theory,  t he  peaks i n  t h e  spec t r a  0 a t  t h e  plasma f requenciesw 
of t h e  e l e c t r o n s  w

P1,e 
of t h e  ionosphere and t o  p l o t  from them t h e  v e r t i c a l  N 

p r o f i l e s  (Figure 15) .  For t h i s ,  narrow-band r ece ive r s  w e r e  used tuned t o  a 

number of f requencies  w 
0 

+ w
PlYe  

[ll,18, 20,  24 ,  421 .  

The quest ion of measurement accuracy using the  method of incoherent  

s c a t t e r i n g ,  j u s t  as using o the r  methods 1331 of t he  N p r o f i l e s  (and o the r  

parameters of t h e  ionosphere),  is of considerable  i n t e r e s t .  Figure 16 shows 

v i s i b l y  t h e  unique r e s u l t s  [411 (see a l s o  [38]) of t h e  simultaneous measure­

ment of such type using independent methods: incoherent  s c a t t e r i n g ,  coherent  

f requencies  (Jackson's method) of s i g n a l s  from geophysicalrockets  and t h e  

probe method, cha rac t e r i z ing  t h e  r e l a t i v e  accuracy of t h e  measurements. An 

as tonish ingly  good agreement i s  observed f o r  t h e  p r o f i l e s  obtained. 
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Figure 17. Te and Ti Vertical P r o f i l e s  Obtained i n  Cajamarca 

December 16,,1965, a t  Various (Local) Times of Day. Sunrise and 
Sunset a t  h % 300 km, r e spec t ive ly  a t  f~,5h30m and l g h  1251. 

(2) A l t i t u d e  Te, Ti (or  T0) p r o f i l e s  w e r e  obtained, as w e l l  as ion  

composition, up t o  a l t i t u d e s  of % 700 - 1200 km f o r  d i f f e r e n t  times of day -I159 
and seasons (Figures 17, 18) [3, 20, 24, 25, 34, 38, 421 and t h e  a l t i t u d e -

time d i u r n a l  and seasonal dependences of these values  following from them 

(Figures 19 - 22). 

A very important r e s u l t  of t h i s  type of measurement, using the  method 

of incoherent s c a t t e r i n g ,  is t h e  r e l i a b l e  establishment (or conf irmationy, of 

t h e  most fundamental f a c t  t h a t  a temperature imbalance is poss ib l e  between 

e l e c t r o n s  and ions  i n  t h e  ionosphere (Te > Ti). 

In  t h e  d i u r n a l  v a r i a t i o n  of the temperatures w e  f i n d  t o  be c h a r a c t e r i s t i c  
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Figure 18. Vertical Temperature Pro­

f i l e s  T ~ ( ~ K * ~ O - ~ ,T~ = Te/Ti> and Ion 

Density (no+, n,+ N .1 = n 0+ + no-> 

i n  Cajamarca, July 2 3 ,  1 9 6 4 ,  
h m  h m14  1 2  - 15 1 4  [31]. 

" 
200 I I I I I , t 

0 4 8 fZ 16 20 P 

Figure 19.  Alti tude-Diurnal Mean-
Monthly (November, 1963) Dependence 

Ti'10-2 OK a t  Mi l l s tone ,  Local T i m e  

of Day [ZO]. 

ro-?On :' 

I 1 .  I I I I I I IUUU 
r 3 5 7 3 ,  

tMC top 800 

600 
Figure 20. Diurnal Dependence Te 

(°K*10-3) [26] a t  Nancy, . .- .  January,26,. 
1966, a t  A i t i t udes  of :  Figure 21. Seasonal Dependence of Te' 

1. 275 and 2. 300 km; Local T i m e ;  
Ti and TO = T e/Ti a t  Mi l l s tone  [23] 

"MC" and "OP" Refer t o  Sunrise  a t  A t  an Al t i t ude  of z = 350 km During 
t h e  Magnetoconjugate Point  and a t  t h e  Night For t h e  Period from Febru­
t h e  Observation Poin ts ,  Respective- a r y  1, 1963, t o  January,  1964. 
1 Y .  
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a sharp  inc rease  i n  T 

of % 250 - 300 km. 
0 

(up t o  2 - 5) i n  t h e  morning during s u n r i s e  a t  a l t i t u d e s  

Thus, i n  t h e  behavior of T0 with  a l t i t u d e  t h e  fol lowing c h a r a c t e r i s t i c s  

are observed: 

(a) a t  a l t i t u d e s  400 - 500 km during t h e  day as a r u l e  Te = Ti 

with t h e  exception of t h e  morning hours;  

(b) 


t i t u d e  of Q 250 - 300 km; 


during t h e  day T0 reaches a maximum equal  t o  2 - 4 at  an al­

(c)  a t  a l t i t u d e s  of 100 - 130 km T~ = 1 which d i sag rees  with t h e  

rocket  measurements and consequently r equ i r e s  f u r t h e r  experimental  proof.  

In  several experiments an i n t e r e s t i n g  f a c t  w a s  discovered [26],  i.e. 

the re  i s  a s u b s t a n t i a l  increase  i n  T = 2 - 3 hours p r i o r  t o  sun r i se  (Fig­0 
ure  20) and a t tempts  have been made t o  expla in  t h i s  by hea t ing  of t h e  iono­

sphere by photoelectrons,  forming a t  t h e  magnetoconjugate po in t s  i l luminated 

by t h e  sun, where s u n r i s e  takes  p lace  2 - 3 hours earlier than a t  t h e  obser­

va t ion  point .  

A new and unexpected r e s u l t  [25, 281 i s  t h a t  during t h e  n igh t  t h e  r a t i o  

of temperatures T0 i n  a l l  seasons s l i g h t l y  (at  middle l a t i t u d e s  up t o  Q 0.2) 

exceeds un i ty  (Figure21),  thus ind ica t ing  t h e  presence apparent ly  of an  un­

known source f o r  hea t ing  t h e  e l ec t rons .  Suggestions have been made t h a t  t h i s  1161 

may take  p lace  because of t h e  t r a n s f e r  of energy from t h e  cooled protonosphere 

of t h e  lower ionosphere and the  maintenance i n  i t  of T 
% 

0 = Te/Ti % 1.1 - 1.2. 

It should be mentioned t h a t  i n  several experiments ( fo r  example, Cajamarca 

during the  n ight  Te/Ti = 1 a t  a l l  a l t i t u d e s .  

The a l t i tude- t ime dependences f o r  T e and T i (Figures 1 7 ,  1 9 )  b a s i c a l l y  

agree with the  data from other  measurements [25] .  
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Figure 22. Altitude-Diurnal Mean-
Monthly ( Ju ly ,  1965) Dependence of

+ +t h e  Percent Content of 0 , H+, H e  
a t  Arecibo [18]. The Sol id  Lines  
Represent t he  Levels of t h e  Constant 
Percent Content; t h e  Broken Lines  
Represent t he  T i m e  of Sunrise  "R" 
and Sunset "S" a s  a Function of z,  

Local Time.  

Typical a l t i t ude -d iu rna l  depend­

ences (mean monthly, Figure 2 2 )  i l l u s ­

t ra te  the  p o s s i b i l i t i e s  of modern equip­

ment employing incoherent  s c a t t e r i n g  

[ 2 0 ,  341 f o r  ob ta in ing  systematic  da t a  

on ion composition of t h e  upper iono­

sphere. Figure 18 g ives  some idea about 

t h e  complex of information obtained dur­

ing one measurement i n  t h e  form of 

graphs prepared f o r  t h e  p r o f i l e s  of 

temperatures and concentrat ions of 

e lec t rons  and i o n s  on an  e l ec t ron  com­

puter .  

The observed a l t i tude- t ime de-
+

pendences of t h e  ion composition (0 ,
+

H', H e  of t h e  ou te r  ionosphere 

(Figure 2 2 )  are a s u f f i c i e n t l y  r e l i a b l e  

confirmation of t h e  presence of ions  

of helium He+ i n  t h e  ionosphere and 

were f i r s t  de tec ted  using t h e  satel­

l i t e s  "Kosmos-2" and "Explorer VIII"; 
u n t i l  q u i t e  r ecen t ly  i t  w a s  assumed 

t h a t  t h e i r  ex is tence  w a s  only s l i g h t l y  

probable because of t h e  high ioniza­

t i o n  p o t e n t i a l  of H e  (24.6 V ) .  The observed maximal amount of He+ (6 20%) 

w a s  l oca l i zed  i n  a r e l a t i v e l y  narrow range of a l t i t u d e s  (% 600 - 1000 km) 

and w a s  subjec t  t o  d i u r n a l  and seasonal  va r i a t ions .  

A s  f a r  as t h e  t h e o r e t i c a l l y  poss ib le  sharp resonances i n  ow a t  t h e  

gyrofrequencies of t h e  ions  a r e  concerned,only q u i t e  r ecen t ly  has  any d is ­

cussion appeared [ 2 0 ]  concerning t h e  f a c t  t h a t  such resonances w e r e  r e g i s t e r ­

ed a t  t h e  equa to r i a l  s t a t i o n  (Cajamarca, Peru) a t  high a l t i t u d e s  ( i n  

26 7 



+t h e  H reg ion) ,  where the  c o l l i s i o n s  of e l e c t r o n s  are rare and i t  is  poss ib l e  

t o  keep the  beam perpendicular  t o  t h e  l i n e s  of t h e  geomagnetic 

f i e l d ,  which i s  necessary f o r  t h i s .  A t  low a l t i t u d e s ,  even when the  beam w a s  

perpendicular,no resonance w a s  observed poss ib ly  because of t h e  inf luence  

of c o l l i s i o n s  1431. 

I n  conclusion w e  can state t h a t  t h e  bas i c  c h a r a c t e r i s t i c s  of t h e  pheno­

menon of incoherent  s c a t t e r i n g  predic ted  by theory are confirmed i n  experi­

ment. 

The method of incoherent s c a t t e r i n g  revealed g r e a t  p o t e n t i a l i t i e s  f o r  

i nves t iga t ing  t h e  ionosphere below and above the  ch ief  maximum (up t o  the  

t r a n s i t i o n  region i n  in t e rp l ane ta ry  space).  A s  y e t  t hese  p o t e n t i a l i t i e s  

are not  being developed and used f u l l y .  Along with f ind ing  t h e  most s ign i ­

f i c a n t  parameters of t he  ionosphere: complete regular  vertical  (and inc l ined )  

p r o f i l e s  of N, Te, Ti, AL, No, NoL and t h e  ion  composition and t h e  r e spec t ive  /162 
a l t i tude- t ime (d iurna l ,  seasonal  and s o l a r  a c t i v i t y  phases) dependences of 

these  parameters,  i t  is  i n t e r e s t i n g  t o  have d a t a  on t h e  i r r e g u l a r  large-scale  

( i n  t i m e  and coordinates)  v a r i a t i o n s  i n  these  parameters,  t h e  motion and 

evolu t ions  i n  t i m e ,  and t h e  r egu la r  ho r i zon ta l  g rad ien t s ,  etc. [35,  36 ,  38, 

4 4 ,  4 3 1 .  

In  p a r t i c u l a r ,  i n  using multibeam radar  s t a t i o n s  with a high r e so lu t ion  

f o r  t and coordinates ,  i n  t he  space of t he  narrow beams we can not  e l imina te  

the  p o s s i b i l i t y  t h a t  a spat ia l - t ime c o r r e l a t i o n  func t ion  and e l ec t ron  dens i ty  

of t h e  l a r g e  inhomogeneities of t h e  ionosphere can be obtained as w e l l  as 

t h e  ho r i zon ta l  g rad ien t s  of t h e  vertical  p r o f i l e s  of N, Ni, Te, Ti, N 0 and 

ion  composition. It is p a r t i c u l a r l y  f e a s i b l e  t o  simultaneously use equipment 

opera t ing  a t  d i f f e r e n t  f requencies  ( A  :-d) with a v e r t i c a l  and s loping pa th  

of t h e  beam. 

It is  a l s o  important t o  make simultaneous complex measurements using 
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several independent methods including incoherent scattering [38, 4 3 1 .  

The prospects are very tempting for carrying out these simultaneous 


measurements in a number of geophysics rockets, spaced at various distances 


in latitude and longitude, and for investigating the latitude and longitude 


as well as the altitude correlations between the results of these measurements 


throughout the entire ionosphere. 
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